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Abstract 
Phosphorus is among the essential elements and the component of many 
important molecules in plant cells. Unlike other macronutrients, phosphorus 
availability in native soil is seldom adequate for optimal plant growth. The 
importance of low phosphorus availability in plant evolution is evidenced by the 
wide array of putatively adaptive responses of higher plants to phosphorus 
deprivation including the induction of acid phosphatases (APase) to enhance 
phosphorus recycling and mobilization. However, when compared to lower 
organisms, the phosphorus regulation mechanism in higher plants is still unclear. In 
this study, we chose one of the APases, the purple acid phosphatase (PAP) as a model 
to investigate its regulatory mechanism in a higher plant representation, tomato. 
The occurrence of PAP in higher plants was surveyed using RT-PCR. 
Primers were designed according to the homologous regions of PAP cDNAs from 
kidney bean, Arabidopsis’ soybean, sweet potato and Anchusa officinalis. Results 
revealed that PAP occurs commonly i n dicotyledous plants with high conservations 
in both DNA and amino acid sequences. However, the occurrence of PAP in 
monocotyledons was not able to confirm by both RT-PCR and hybridization 
techniques. 
The responses of tomato to phosphorus starvation were studied and found 
to include the appearance of purple color on the leaves and stems, increased growth 
of hairs on stems and leaves, less root branching, and lower germination and growth 
rate. The intracellular and extracellular activities of APase were also measured and 
found that under phosphorus starvation, the increase of extracellular APase activity 
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was much greater than that of the intracellular activity. 
Northern blot analyses revealed that the expression of tomato PAP gene is 
regulated by environmental phosphorus at transcriptional level in the root, but not in 
leaf. 
A tomato genomic library was constructed and a PCR-based genome walking 
method was applied to isolate the PAP promoter. A 2.7 kb PAP promoter fragment 
was obtained and sequenced. Preliminary analysis revealed some 
phosphorus-regulating elements in the promoter region. 
The activity of the isolated PAP promoter was tested by transient expression 
of the GUS gene after biolistic bombardment. Results showed that the promoter may 
have a phosphorus regulating property and the conservation of the untranslation 
region is critical to its expression efficiency. 
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Chapter 1: General Introduction 
Phosphorus, as an essential element and macronutrient, is not only a 
component of various macromolecules, but also involving in most of the metabolic 
processes inside the plant cell. 
Although abundant on the earth, soluble inorganic phosphorus, the only 
form of phosphorus that can be adsorbed by higher plants, is seldom adequate in 
native soil around the world. Thus, phosphorus becomes the second most frequently 
limiting macronutrient for optimal plant growth after nitrogen and a major problem 
to the global agriculture. 
A wide array of adaptive responses has been developed in plant evolution as 
a result of phosphorus insufficiency. They include the maintenance of phosphorus 
homeostasis, enhancement of phosphorus uptake, and phosphorus scavenging and 
recycling. Among them, the phosphorus homeostasis is maintained by instant release 
of phosphorus from storage pools inside the cell or by phosphorus re-translocation in 
the whole plant. Mycorrhizal symbiosis, induction of phosphorus transporters and 
morphological changes realize the enhancements of phosphorus uptake. To scavenge 
• and recycle phosphorus, secretion of organic acids accompanies the induction of 
hydrolyzing enzymes, such as acid phosphatases and RNases. However, compared to 
lower organisms, little is known about the phosphorus regulation mechanism in 
higher plants. Elucidation of the mechanism(s) involved will not only fill the 
knowledge gaps, but also benefit the global agriculture. 
Acid phosphatase is a class of enzymes functioning in hydrolyzing 
phosphate monoesters with optimal activities below pH 7. The intracellular acid 
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phosphatases usually have specific substrates and distinct metabolic functions. In 
contrast, the non-specific and widely distributed extracelluar acid phosphataes are 
considered to play an important role in the scavenging and recycling of phosphorus, 
especially under phosphorus starvation. Thus, the induction of extracellular acid 
phosphatases has been a biochemical marker of higher plants lacking of phosphorus. 
Purple acid phosphatase (PAP), one of the extracellular acid phosphatases, 
attracts scientists' notices by its characteristic purple color and iron containing 
dimetal center. During the last two decades, PAP has been a model enzyme for 
studies on the acid phosphatase's hydrolyzing mechanism in higher plants. Recently, 
molecular studies indicated that the expression of PAP is regulated by environmental 
phosphorus at transcriptional level in Arabidopsis and Anchusa officinalis. We are 
interested in using PAP as a model gene to further elucidate the phosphorus 
regulation mechanism in higher plants. 
2 
Chapter 2: Literature Review 
2.1 Phosphorus and higher plants 
2.1.1 Phosphorus is a macronutrient in higher plants 
Phosphorus is one of the essential mineral elements and macronutrients in 
higher plants (Table 2.1, Lauchli, 1983). It is the constituent of various organic 
compounds such as DNA, RNA and phospholipid. Meanwhile, inorganic phosphorus 
exerts important regulatory functions in many metabolic processes including 
photosynthesis, respiration and signal transition. In typical plant tissues, phosphorus 
is present at about 0.04% of the fresh weight or 0.3% of the dry weight. If we 
exclude carbohydrate, phosphorus forms about 4% of the nutrient content, with a 
molar ratio of 20:5:2.5:2:1:0.5 among N，K, Ca, Mg, P and S (Lauchli, 1983). 
2.1.2 The forms of phosphorus in plant cells 
In plant cells, most of the phosphorus exits in phosphate groups. It can be 
free as phosphate ion when being transported in xylem, or esterified through a 
hydroxyl group to a carbon chain (C-O-P) as in the simple phosphate esters. It can 
also be attached to another phosphate group by a pyrophosphate bond, as in the 
nucleoside di- and triphosphates and in polyphosphates. 
By traditional analytical fractionation procedures, the 
phosphorus-containing compounds in plant cells can be mainly separated into five 
groups: DNA, RNA, P-lipid, P-ester and inorganic phosphate (Pj) (Figure 2.1). 
Taking young leaf as a representative tissue, the proportions of the different groups 
are (values in |ig atoms P fresh wt)： Pi, 10; RNA, 2; DNA, 0.15; P-lipid, 1.5; 
3 
P-ester, 1.0 (Bieleski, 1973). However, the absolute and relative amount of each 
fraction will depend on the nature of the tissue, cell developmental stages, 
environmental factors and so on. Such differences also imply the fluxes of 
phosphorus in plants. 
The most prominent phosphorus-containing compound may be the DNA. As 
to plant tissues, there are at least two reasons why they do not have a fixed amount of 
DNA per cell (Lauchli, 1983). Firstly, polyploid cells can develop quite easily during 
cell differentiation and they are common in highly differentiated organs; secondly, 
DNA is not confined to the nucleus, organelles such as chloroplast and mitochondria 
have their own DNA. In a photosynthetic cell, organelle DNA can be a substantial 
proportion of the total DNA in the cell (e.g. about 3% in Chlamydomonas) (Sager 
and Ishida, 1963). 
rRNA, tRNA and mRNA are the three different forms of RNA present in 
plant cell. Although they are mainly distributed throughout the cytoplasm, different 
organelles have their own particular patterns and proportions of RNA. On the other 
hand, the status of a cell also contributes to the variation of the amount. So, it is easy 
to understand that the amount of RNA trends to be much higher when the cell is 
actively synthesizing proteins. 
The P-lipid fraction is usually recovered in various analytical procedures by 
its ability to dissolve in lipid solvents such as chloroform and ether. According to the 
difference in its phosphate-containing group, the P-lipid can be mainly classified into 
phosphatidyl choline, phosphatidyl ethanolamine, phosphatidyl glycerol, 
phosphatidyl inositol and phosphatidyl serine (Lauchli, 1983). Their proportions in 
various plant tissues are relatively uniform and the biggest single factor affecting 
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Table 2.1: The amounts and example functions of mineral nutrients in higher 
plants (Lauchli, 1983) 
Element ^ mol per g Constituent of essential organic 
compounds (examples) 
N 1000 Protein, nucleic acid 
S 30 Protein, sulfolipid 
P 60 Nucleic acid, P-lipid, co-enzyme 
K 250 Unknown 
Ca 125 Pectates 
Mg 80 Chlorophyll 
Fe 2.0 Feredoxin, cytochrome 
Mn 1.0 Unknown 
Zn 0.3 Carbonic anhydrase, alkaline phosphatase 
Cu 0.1 Ascorbic acid oxidase, plastocyanine 
B 2.0 Unknown 
CI 3.0 Unknown 
Mo 0.001 Nitrate reductase 
CH2OH 
A H OCH OH D (Etc.) 
I I O 
CH2O - P - O H I 
CH2 Base 
o L ^ o . 
\ _ / 
B CH20H-Acyl O (OH) 
I I 
Acyl -OCH OH O = P—OH 
I 丨 一 I 
C H 2 O - P - O - A l c o h o l p o Base 
II CH2 
e OH OH ° ( � H ) 
H O - p - Q - P - O - P - O-CH2 Base 0 = P—OH 
i II II k ^ - J I 
o O 0 \ / o 
(Etc.) 
OH OH 
Figure 2.1: General structures of phosphorus-containing compounds 
A，P-ester; B, P-lipid; C, polyposphate, D, RNA and DNA; Acyl, fatty acid; Alcohol, 
hydroxyl-bearing compounds 
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them is whether or not the tissue is photosynthetic. While detailed function of 
specific P-lipid is uncertain, the broad function of them is clear: they are the basic 
structure of cell and organelle membranes. Moreover, different membranes have their 
characteristically different fatty acid patterns. 
In higher plants, more than fifty individual P-esters were identified at 
various times and in various tissues (Lauchli, 1983)，which represents the metabolic 
machinery of the cell. It is interesting that the types of P-esters found in plants are 
similar to those in animals, although at much lower concentrations. Moreover, even 
though the individual enzymes may differ somewhat, not only the central metabolic 
pathways (e.g. energy transfer and carbohydrate transformation), but also the 
involved P-esters are nearly identical in both of the plants and animals (Rowan, 
1966). This similarity presumably reflects a very early evolutionary development of 
the roles of P-esters in eukaryote. 
Inorganic phosphate (Pj) is the most variable in proportion and amount of all 
the phosphate fractions in plant cells. In a normal tissue, much of the Pj appears to be 
in the vacuole and it is the only form of phosphorus transported in higher plants. The 
presence of a significant amount of Pi even under conditions of extreme P stress 
implies that Pj is vital for the continued metabolic activities in the cell. Meanwhile, 
the variability in the amount of Pj and the very high tissue contents it can reached 
suggest that much of the Pi in a normal plant cell is surplus to requirements, and it 
may serves as a storage function. 
2.1.3 Phosphorus compartments and pools in plant cells 
The compartments and pools of phosphorus mean the situations of different 
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phosphorus-containing compounds in the cell either physically or metabolically 
separated. The maintenance and regulation of such compartments and pools are 
important to the life of the cell. 
Our knowledge of the phosphorus distributions in metabolic pools and 
physical compartments comes from three types of studies (Schachtman, 1998). 
Before 1980，information about phosphorus compartments and pools was derived 
from the analyses of isolated organelles or from partitioning of the radioactive tracer 
32p between different chemical fractions (Bieleski, 1973). Other information came 
from studies on the rate at which ^^ P was incorporated into or lost from tissues 
(Macklon et al., 1996). A major advance in mapping intracellular pools came with 
the application of NMR spectroscopy in plant tissues, which allowed accurate 
analysis of in vivo phosphorus metabolism (Ratcliffe, 1994). 
Among the five fractions of phosphorus-containing compounds, the 
locations of DNA, RNA and P-lipid are well known and have been mentioned above. 
The forth one，the P-esters, are mostly found in cytoplasm involving in many 
metabolic pathways. As to the P� fraction, NMR studies have confirmed that a small 
and rapidly turning over pool of Pi (representing 1-5% of total Pj), including ATP and 
glucose-6-phosphate, is located in the cytoplasm and over 95% of Pi is in the vacuole 
(Ratcliffe, 1994) to serve as a storage function. The storage Pj in vacuole, often called 
the "non-metabolic" pool, contributes to the intracellular homeostasis of phosphorus. 
Bieleski (1968) discovered that phosphorous deficient Spirodela plants maintained 
their metabolic phosphorus in cytoplasm by the lost of Pj in the vacuolar pool. It can 
be interpreted that the cell tries to maintain its cytoplasmic phosphorus concentration 
at the expense of the Pi in the non-metabolic pool. Moreover, the cell will vary its Pj 
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fluxes between compartments to create Pj concentration changes as triggers for some 
metabolic events. As an example, Chalmers et al. (1971) and Woodrow et al. (1979) 
found that, in fruit cells, the activity of cytoplasmic phosphofructokinase would 
increase as a prelude to the respiratory burst of the climacteric. Later, they 
discovered that such increase of the enzyme activity was in response to the increased 
Pi levels in the cytoplasm resulting from the changes in Pi fluxes across both the 
tonoplast and the plasmalemma. 
2.2 The acquisition of phosphorus in higher plants 
2.2.1 The forms of phosphorus absorbed by higher plants 
Absorption of phosphorus by plants through the root/mycorrhiza requires the 
phosphorus compounds to be in soluble forms. Contact exchange, defined as the 
direct uptake by the root/mycorrhiza from the solid phase without first going through 
a solution phase, has not been proved (Comerford, 1998). 
In native soil, most of the soluble phosphorus is present in phosphate group 
either in inorganic or organic compound forms. It is probably because phosphate 
group is the only stable oxidation form of phosphorus (Bohn et al.，1979). Among the 
organic and inorganic compounds, there are still no proofs that significant quantities 
of soluble organic phosphorus compounds can be absorbed directly by plants. Recent 
research using radioactive-labeled organic phosphorus compounds with 
phytoplankton and baterioplankton (Hernandez et al., 1996) provided the most 
convincing argument that hydrolysis of organic phosphate to inorganic phosphate is 
necessary prior to the uptake by organisms. In the research, when both the glucosyl 
and phosphate groups of glucose-6-phosphate were tagged with radioactive moieties, 
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the tagged phosphate groups occurred 100 times more frequently in the organisms 
than did the tagged glucosyl. To draw a conclusion, the inorganic phosphorus, 
including H2PO4-1 and HPCV?，is the form of phosphorus absorbable by higher plants. 
Moreover, most studies on the pH dependence of phosphorus uptake by higher plants 
have found that the absorption rate becomes the highest between pH 5.0 and 6.0, 
where H2PO4"' dominates (Ullrich et al., 1984; Furihata et al.，1992). Scientists thus 
suggest that plants take up phosphorus in the monovalent form. 
2.2.2 Soil phosphorus bioavailability 
Although abundant in earth crust (0.1% by weight of the elements), the 
available phosphorus for optimal plant growth in native soil is seldom adequate. By 
comparing to the nitrogen in most soil solution at mM concentrations, phosphorus is 
only at |iM concentrations. It large part, it is because phosphorus is easy to be locked 
up in insoluble compound form and difficult to be released in the soil. It was 
estimated that up to 80% of the applied phosphorus in many soils became 
immobilized by forming insoluble salts and organic compounds (Holford, 1997). 
Another problem is that the phosphorus cycles in most terrestrial ecosystems are 
open-ended and tend towards depletion. This includes the erosion of the soil by wind 
and water, animal and human activities on the soil and the limitation of phosphorus 
fertilization. 
The inorganic phosphorus, which is soluble due to a low soil solution PO4, 
is a major bioavailable pool for higher plants. The dominant form between H2PO4"' 
and HPO4-2 depends on the pH of soil. Organic phosphorus is the other pool. It 
includes phospholipid, nucleic acids, inositol phosphate (mono- to hexa-)� 
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glucose-1-phosphate, glycerophosphate, phosphoproteins and also polymeric organic 
phosphorus in high molecular weight compounds (Harrison, 1987). The simple 
compounds, such as nucleic acids, phospho-sugars, glycerophosphate and 
phospholipids, tend to be mineralized rapidly (Harrison, 1987) and thus would not 
make up a large proportion of the available organic phosphorus. It is the inositol 
phosphates and high molecular weight compounds that account for the majority of 
the organic pool in soil (Harrison, 1987). 
2.2.3 Uptake and transportation of phosphorus 
Because the concentration of phosphorus in plant may be up to 1000 folds 
higher than that in the soil (Bieleski, 1973), there must be specialized transporter(s) 
at the root/soil interface for the uptake of phosphorus. And there must also be energy 
requirement, which has been demonstrated by the effects of metabolic inhibitors 
rapidly reducing phosphorus uptake. However, the precise mechanism of phosphors 
transport through the membrane is still unclear (Schachtman, 1998). 
Anyway, the kinetic analyses of phosphorus uptake in barley and maize 
(Drew et al., 1984; Nandi et al., 1987) suggested that two phosphorus transporter 
systems exited. One of them had a high affinity and activity that was either increased 
or de-repressed by phosphorus starvation. On the contrary, the other one was 
constitutive, having a lower affinity and activity. Further studies of phosphorus 
transporter genes from Arabidopsis (Muchhal et al. 1996; Smith et al. 1997)，potato 
(Leggewie et a l , 1997) and tomato confirmed that plants had multiple phosphorus 
transporters. And they were differentially expressed: some were strongly up 
regulated by phosphorus starvation, whereas expressions of the others were 
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constitutive (Leggewie et al , 1997). For example, three transporter members (APTl, 
APT2 and AtPT4) were cloned from Arabidopsis (Muchhal et al. 1996; Smith et al. 
1997) and were mapped to a specific region of chromosome 5 (Lu et al , 1997; Smith 
et al., 1997). Although the deduced amino acid sequences of APTl and APT2 are 
99% identical, which suggests that the proteins have same functional characteristics, 
their promoter regions are quite different and may contain specific information 
resulting in their differential expressions. 
As to the phosphorus uptake by plants, more work is needed to gain a 
comprehensive picture of the locations (cellular and subcellular) and precise 
functions of these multiple phosphate transporters (Schachtman, 1998). 
Recent studies provided a picture of patterns of the phosphorus 
transportation in whole plant (Mimura et a l , 1996; Jeschke et al., 1997). Under 
normal conditions, most of the phosphorus absorbed is transported in the xylem from 
root to younger leaves. However, significant re-translocation of phosphorus is found 
in the phloem from older leaves to the growing shoots and roots under phosphorus 
stress. The phenomenon means that in phosphorus deficient plants, mobilization and 
re-translocation of stored phosphorus in older leaves to the younger leaves and 
growing roots supplement the restricted supply of the phosphorus from the 
environment. 
2.3 Adaptive responses of higher plants to phosphorus deficiency 
As mentioned above, the phosphorus is seldom adequate for optimal plant 
growth in most of the soil around the world. Participants at the recent 1998 Perm 
State Symposium on Phosphorus in Plant Biology agreed that world wide reserves of 
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rock phosphate ™ the major source of phosphorus fertilizers in agriculture — were 
expected to be exhausted within the next 50-75 years (Plaxton and Jeschke, 1999). 
Thus, phosphorus becomes the second most frequently limiting macronutrient for 
plant growth after nitrogen and it will be one of the major problems to the global 
agriculture in the new century. 
The importance of low phosphorus availability in plant evolution is 
evidenced by the wide array of putatively adaptive responses of higher plants to 
phosphorus deprivation (Lynch, 1998). All of these responses can be classified into 
three kinds: 1) phosphorus homeostasis; 2) enhancement of phosphorus uptake; and 3) 
phosphorus scavenging and recycling. 
2.3.1 Phosphorus homeostasis 
2.3.1.1 Cytoplasmic phosphorus homeostasis 
The fastest and largest manifestation of phosphorus deprivation is the 
decrease in intracellular phosphorus concentration (Natr, 1992). Vacuole, the 
non-metabolic pool, plays an important role in the instant homeostasis of 
cytoplasmic phosphorus. It functions to buffer any fluctuations in cytoplasmic 
phosphorus concentration resulting from transient fluctuations in environmental level. 
Only when vacuolar phosphorus stores are completely exhausted, does cytoplasmic 
phosphorus concentration begin to decline (Foyer and Spencer, 1986; Lauer et al., 
1989; Lee and Ratcliffe, 1983，1993; Lee et al., 1990; Mimura et al., 1990)， 
following by induction of various phosphorus starvation "rescue" mechanisms 
(Plaxton, 1999). 
The stored phosphorus compounds (mostly in inorganic forms) are released 
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into the cytoplasm in a regulated manner correlating with the severity of phosphorus 
stress (Plaxton, 1999). Regulation of the phosphorus efflux across the tonoplast 
membrane is not fully understood. Nevertheless, various studies indicate that the 
phosphorus permeability of the tonoplast, which is very low under phosphorus 
sufficiency, markedly increases under conditions of phosphorus stress (Mimura et al.’ 
1990; Mimura, 1995; Sakano et al., 1995; Schachtman et al., 1998). 
2.3.1.2 Apoplastic phosphorus homeostasis 
Apoplastic phosphorus concentration appears to be maintained at the 
expense of vacuolar and, occasionally, cytoplasmic phosphorus pools (Mimura, 1995; 
Mimura et al., 1996). It likely helps to maintain phosphorus uptake into the xylem by 
attenuating the concentration gradient between the plant and the environment. High 
apoplastic phosphorus levels may also minimize phosphorus efflux from the leaves. 
2.3.1.3 Phosphorus homeostasis in whole plant 
Phosphorus transportation and re-translocation are critical to the phosphorus 
homeostasis in whole plant. When plants are in phosphorus-sufficient condition, 
most of the phosphorus absorbed by roots is transported in the xylem to leaves and 
shoots (Mimura et a l , 1996). While under phosphorus deficiency, the restricted 
supply of phosphorus is supplemented by the increased mobilization of stored 
phosphorus in the older leaves and retranslocaiotn to younger leaves and shoots 
(Bieleski and Ferguson, 1983; Jeschke et al., 1997; Mimura, 1995; Mimura et al., 
1996; Schachtman et a l , 1998). The leaf phosphorus homeostasis may present an 
adaptive strategy to preferentially sequester limited phosphorus to the younger leaves 
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for as long as possible to maintain the optimal rates of photosynthesis (Plaxton and 
Jeschke, 1999). As observed in phosphorus deprived Brassica nigra seedling, the 
symptoms of phosphorus deficiency delayed by approximately 10 days in the 
younger leaves as compared with the roots (Theodoro and Plaxton, 1994). 
Little is known about the mechanisms controlling whole-plant redistribution 
of phosphorus under conditions of phosphorus deficiency. However, two mutants of 
Arabidopsis were isolated recently. One mutant (phol) has a block of transportation, 
which leads to phosphorus insufficient in leaves and shoots. The other mutant {pho2) 
has a defect of retanslocation and leads to accumulation of excessive amounts of 
phosphorus in leaf and shoot (Poirier et al., 1991; Delhaize and Randall, 1995). 
These studies will help our understanding of the mechanism(s) controlling the 
allocation of phosphorus within plants. 
2.3.2 Enhancement of phosphorus uptake 
2.3.2.1 Mycorrhizal symbiosis 
More than 90% of the land plants form symbiotic associations with 
mycorrhizal fungi to enhance the uptake of phosphorus (Schachtman et al , 1998). 
This mycorrhizal symbiosis is founded on the mutualistic exchanges of carbon from 
the plant in return of phosphorus and other mineral nutrients from the fungus. Influx 
of phosphorus in roots colonized by mycorrhizal fungi can be 3 to 5 times higher 
than in nonmycorrhizal roots (Smith and Read, 1997). 
Mycorrhizal fungi enhance the phosphorus uptake of plants mainly in three 
ways (Smith and Read, 1997). First, the extensive network of hyphae extending from 
the root enables the plant to explore a greater volume of soil and overcomes the 
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limitation of slow phosphorus diffusion. Second, The plant/fungus association 
enables the plant to compete more effectively with soil microorganisms for the 
limited amount of phosphorus resource. Finally, mycorrhizal fungi may also be able 
to acquire phosphorus from organic sources (e.g. phytic acid and nucleic acid) that 
are not directly available for the plants (Jayachandran et al., 1992). However, more 
studies are needed to reveal the mechanisms of phosphorus transportation and 
regulation in the symbiosis. 
2.3.2.2 Morphological responses 
Under phosphorus starvation, morphology of the plant would change to 
either enhance the uptake or lower the expense of phosphorus. These changes include 
the increase of root to shoot ratio, increase of root hair density, formation of root 
aerenchyma, reduction of root branching, decreased root gravitropism and so on. 
Paul and Stitt (1993) correlated a marked increase of root to shoot ratio in 
phosphorus-limited tobacco with the selective maintenance of invertase activity in its 
root. The high invertase activity will effectively draw carbohydrates into the root by 
converting incoming sucrose to free hexoses, leading to the formation of a sink 
strength to drive the root growth (Paul and Stitt, 1993). A similar conclusion was 
reached by Ciereszko et al. (1996) that there was an increased translocation of 
sucrose from leaves to roots in the phosphorus-deficient plants. 
2.3.2.3 Induction of phosphorus transporters 
During phosphorus stress, some plants reduce the permeability of the 
plamalemma to decrease the amount of leaking phosphorus (Bieleski and Ferguson, 
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1983; Bieleski and Lauchli, 1992). Meanwhile, the efficiency of phosphorus uptake 
is increased by the induction of some of the phosphorus transporters (Schachtman et 
al , 1998; Muchhal et al., 1996; Liu et al., 1998). Suspension cells of tobacco exhibit 
a five-fold increase in Vmax of phosphorus uptake after being transferred from a 
phosphorus-sufficient medium to a phosphorus-limited medium (Shimogawara and 
Usuda, 1995). Similar phenomena were also observed in Brassica napus, 
Cathamnthus roseus and tomato (Carswell et al., 1997; Furihata et al., 1992; 
Hawkesford and Belcher, 1991). 
2.3.3 Phosphorus scavenging and recycling 
2.3.3.1 Induction of acid phosphatase 
The induction of acid phosphatase (APase) is a universal symptom of 
phosphorus stress in higher plants (Duff et al , 1994). And this adaptive response is 
also widespread among bacteria, fungi, and yeast (Natr, 1992). In plants, Apases 
function as both intra- and extracellular phosphorus salvage systems to liberate 
phosphorus from P-esters as well as insoluble soil minerals (Duff et al., 1994; Natr, 
1992). Increase of intracellular APase activity under phosphorus stress has been 
observed in Brassica nigra and Brassica napus seedlings or suspension cells (Duff et 
a l , 1991; Lefebvre et al., 1990; Theodorou et al., 1994; Carswell et al., 1997). 
Another example, phosphorus-deprived tomato and Brassica nigra suspension 
culture cells secreted marked amounts of APase into the medium (Goldstein et al., 
1988; Lefebvre et al” 1990) indicating the induction of extracellular APase. 
Xylem-derived phosphocholine (PC) is a major phosphorylated component 
in plant xylem sap, being an important organic phosphate ester for both phosphorus 
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and nitrogen transports. It is considered that a certain kinds of phosphorus 
starvation-inducible extracellular APase in the aerial tissues of higher plants may 
play an important role in scavenging of PC. ^'P-NMR studies revealed that when PC 
was added to the perfusate of phosphorus-starved sycamore suspension cells, both 
phosphorus and other phosphate esters rapidly accumulated in the cytoplasm (Gout et 
al , 1990). And it also revealed that PC was hydrolyzed outside the cell by a cell 
wall-localized APase, whose activity increased up to three folds, and the products 
(choline and phosphorus) were quickly absorbed by the phosphorus-limited cells 
(Gout et al., 1990). 
2.3.3.2 Contributions of ribonucleases, glycolytic "bypass" enzymes and 
aromatic pathway enzymes to intracellular phosphorus recycling 
Under phosphorus insufficiency, the activities of some enzymes involving in 
certain metabolic pathways may be enhanced for the scavenging and recycling of 
phosphorus. Ribonuclease (RNase) is one of them. Marked induction of intracellular 
and extracellular RNase activities occurs in Arabidopsis, tobacco and cultured 
tomato suspension cells under phosphorus starvation (Bariola et al., 1994; Dodds et 
al., 1996; Loffler et al., 1992; Numberger et a l , 1990). For example, upon 
phosphorus starvation, the extracellular RNase activity of cultured tomato cells 
showed a fivefold of increase (Numberger et al., 1990). Degradation of RNA in 
reserve tissue, environmental pools or programmed death cells by RNases liberates 
phosphorus for the survival of phosphorus-deficient plants. Similarly, the induction 
of the putative glycolytic bypass enzymes (e.g. PPi-dependent phosphofructokinase 
(PFP), phosphoenolpyruvate (PEP) phosphatase, and PEP carboxylase (PEPCase)) 
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and several key enzymes in aromatic biosynthesis by phosphorus stress may also 
facilitate intracellular phosphorus scavenging (Plaxton, 1999). 
2.3.3.3 Enhancement of organic acid secretion 
The enhanced secretion of organic acid brought about by the induction of 
PEPCase also helps the scavenging of external phosphorus. Up-regulation of 
PEPCase has been observed in wheat (Champigny et al , 1983), white lupin (Johnson 
et al., 1994)，pea (Riviere-Rolland et al., 1996), bean (Kondracka and Rychter, 1997)， 
tomato (Pilbeam et al., 1993)，B. napus (Hoffland et al., 1992)，B. nigra (Duff et al., 
1989) and Catharanthus roseus (Nagano and Ashihara, 1994) during phosphorus 
limitation. The secreted organic acids not only release phosphorus from the insoluble 
phosphorus compounds in the soil, but also give a low pH environment for the 
optimal activities of secreted APases. On the other hand, morphological changes in 
root were observed along with the enhanced production of organic acids. For 
example, phosphorus-starved white lupin plants develop proteoid roots. These 
modified roots excrete citrate, which can acidify the rhizosphere and thereby increase 
the solubilization of mineral phosphorus from the environment (Dinkelaker et al , 
1995). 
2.4 Regulation of gene expression under phosphorus starvation 
The various responses of organisms to phosphorus starvation are the results 
of modified gene expressions. In lower organisms, such as bacteria and yeast, the 
phosphorus regulation mechanisms have been thoroughly studied. For example, in 
Escherichia coli, the phosphorus starvation responses are accomplished by the pho 
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regulon, which includes at least 31 genes arranged in eight separated operons (Rao 
and Torriani, 1990; Goldstein et a l , 1989; Wanner, 1993). All the genes are 
co-regulated by environmental phosphorus. The encoded proteins of these genes are 
all involved in phosphorus uptake, transportation and assimilation (Rao and Torriani, 
1990; Goldstein et al., 1989; Wanner, 1993). The proteins PhoB and PhoR are the 
regulatory system for the transcriptional regulation of the pho genes. PhoR is a 
transmembrane protein that modulates the activity of PhoB by promoting specific 
phosphorylation and dephosphorylation of PhoB in response to the phosphate signal 
(Makino et al. 1994). The transcriptional activator, PhoB, binds to the promoters of 
the pho regulons and activates the transcription in concert with RNA polymerase. 
The binding site of PhoB, which is called the pho box is a 18-bp consensus sequence 
(CCT[C/T]TCATA[A/T]A[A/T]CTGT[C/A]A[C/T]). Except psiE, it is found in the 
promoters of all the pho regulon locating 10 nucleotides upstream from the putative 
-10 regions. 
A similar pho system has also been characterized in yeast (Kramer, 1980). A 
positive regulator, Pho4p and a negative regulator, PhoSOp are revealed to regulate 
the pho regulon under phosphorus starvation. And two 6-bp motif, the C A C G T G and 
C A C G T T are found to be the binding sites. 
However, the study of the phosphorus regulation mechanism in plant is in its 
early stage when compared to yeast and bacteria. Similarly, it appears that the 
multifaceted responses of plants to phosphorus stress are mediated by a set of 
co-regulated genes (Goldstein et al., 1989; Rao and Torriani, 1990; Theodorou and 
Plaxton, 1995). Recently, studies were mainly focused on the regulations of RNase, 
APase, phosphorus transporter and P-glucosidase under phosphorus stress. Results 
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from analyses at both the mRNA and protein levels indicated that the controls of 
their expressions are at transcriptional level and most of the expressions display 
tissue-specific expression patterns. 
Regulation of RNase has been well studied in Ambidopsis (Taylor and 
Green，1991; Howard et al., 1998). Three members, RNSl, RNS2 and RNS3, were 
found in the Ambidopsis RNase family. Under phosphorus limitation, both 
expressions of RNSl and RNSl were significantly increased, but no difference was 
observed in RNS3. So，it can be deduced that RNSl and RNS2 are the RNases 
involving in phosphorus scavenging. The increase of RNSl mRNA. was detectable as 
early as 1 day and reached a maximum between the 4th and 7th day after moving the 
Ambidopsis seedling form complete medium to phosphorus-limited medium. Further 
studies found RNSl a root and aerial tissue specific expressing gene and it was also 
up regulated at high environmental sucrose concentration. 
Although the regulation mechanism is unclear, those biochemical 
mechanisms in yeast and E, coli may give some clues. For example, it has been 
reported that protein phosphorylation plays an important role in the phosphorus 
starvation response (Kaffman et al., 1994; Wanner, 1993). In Saccharomyces 
cerevisiae, hyperphosphorylation ofpho4 (a transcriptional factor ofpho5 gene) by a 
cyclin-dependent protein kinase (cyclin-CDK) complex inhibits binding of pho4 to 
promoter under phosphorus sufficient conditions. When S .cerevisiae grows 
under phosphorus stress, the cyclin-CDK complex is inactivated. Thus, pho4 is no 
longer hyperphosphorylated and bind to the promoter ofpho5, leading to the increase 
in expression of APase. In higher plants, evidence for the involvement of protein 
phosphorylation in the phosphorus starvation response of B. napus suspension cells 
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has also been obtained (Carswell et al.，1997). 
Recently, scientists began to search the regulatory elements of 
phosphorus-regulated genes in higher plants. Sadka and colleagues (1994) found that 
the phosphorus responsiveness of a soybean vegetative storage protein, vspB, was 
affected by deletion of sequence located downstream around the -536 position. 
However, the regulatory protein-binding sites were not determined. In 1998，more 
detailed studies were done to analyze the promoter of a phosphorus-regulated psrS 
gene in Arabidopsis (Mohammed et al” 1998). psrS is a P-gulcosidase gene that 
shows strongly preferential expression during phosphorus starvation in Arabidopsis 
(Malboobi and Lefebvre, 1997). Studies on the psrS promoter revealed it is an 
extremely AT-rich (73 %) promoter compared to the generally GC-rich promoters of 
constantly expressed genes (Mohammed et al., 1998). This high AT contents was 
also found in the promoters of phosphorus-regulated pho5 genes in yeast. A 
"CACGT" motif was located in the psrS promoter, which is also a p/zo…binding site 
promoter of yeast. In addition, repeated “CACAA’ ’ motifs are present mpsrS 
promoter. Similar sequences were also located in pho5 promoter near the binding site 
^^ pho4 and contribute a weak regulation in phosphorus starvation (Rudolph and 
Hinnen，1987). In further studies, three repeated regions were located between -173 
and -70，-872 and —814，-997 and -884 mpsrS promoter and they are considered to 
contain trans-acting regulatory proteins binding sites. Preliminary footprinting and 
electrophoretic mobility shift assays gave proofs to this hypothesis. Some of the sites 
in these repeated regions were protected from DNase I digestion by proteins present 
in both phosphorus-fed and phosphorus-starved roots. Other binding sites were 
detected only under phosphorus-starved status. As a conclusion, the three repeated 
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regions contain important phosphorus regulating elements. More work is needed to 
reveal certain transcriptional factors and their precise binding sites on psrS promoter. 
2.5 Acid phosphatase and purple acid phosphatase in plants 
2.5.1 Acid phosphatases 
2.5.1.1 Classification and enzymatic properties of acid phosphatases 
As previously mentioned, the induction of acid phosphatase (APase) is one 
of the scavenging ways of plants under phosphorus starvation. On the other hand, 
acid phosphatase also plays a critical role in efficient acquisition and utilization of 
phosphorus. 
Phosphatases are a class of enzymes that function to hydrolyze phosphate 
monoesters in a thermodynamically favorable process (AG° ^ < -9KJ mol"^) (Vincent 
et al., 1992). Based on whether their optimal pH for catalysis is above or below pH 
7.0，they are classified into alkaline phosphatase and acid phosphatase. According to 
the locations, plant acid phosphatases are also classified into intracellular APase and 
extracellular APase (Table 2, Duff et al., 1994). 
Alkaline phosphatase usually exhibits absolute substrate specificity and has 
distinguished role in metabolism (Duff, 1994). Examples are cytosolic 
fructose-1,6-bisphosphatase and sucrose-6-P phsophatase, both of which involve in 
sucroneogenesis from triose-P. By contrast, many acid phosphatases do not exhibit 
absolute substrate specificities (Duff, 1994). Others, such as phytase， 
phosphoglycolate phosphatase, phosphoprotein phosphatase, 3-P-glycerate (3-PGA) 
phosphatase (Randall and Tolbert, 1971) and phosphoenolpyruvate(PEP) 
phosphatase (Duff et a l , 1989), display clear but non-absolute substrate specificities 
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Table 2.2: Classification, kinetic and physical properties, and proposed function 
of purified plant acid phosphatases 
Abbreviations: pNPP, p-nitrophenylphosphate; PPi, inorganic pyrophosphate; F6P, 
fructose-6-P; 3-PGA, 3-P-glycolate; G1-2-P, glycerol-2-P; G1-3-P, glycerol-3-P; IPe, 
inositol-Pe (phytic acid); PEP, P-enolpyruvate; P-Tyr, 0-phospho-L-tyrosine; PPase, 
protein phosphataseVSP, vegetative storage protein; nd, not determined. Vmax units = 
ILimol (mg protein)-� min"^  (Duff et al., 1994) 
Plant source Kinetic properties Physical properties Proposed 
fiinciton 
pNPP Best non-synthetic Native Subunit pi 
substrate Mr Mr(s) 
V � ^ ^ ^ (kDa) (kDa) 
(U mg'') (mM) (U mg'') (mM) 
Intracellular Apase 
Soybean cotyledon (1) 153 0.07 PP� 83 0.08 55 53 6.7 mobilize-P 
(2) 2.4 0.07 G1-2-P 1.6 0.30 50 50 5.5 phytase 
Rice aleurone particles 1631 1.7 IP^ 151 0.43 72 68 nd phytase 
Cotton embryos 1444 0.56 nd nd Nd 200 55 nd nd 
Yam tuber 
(1) cytoplasm 1600 2.9 Phenyl-P 592 nd 98 55 nd nd 
(2) membrane bound 1200 3.1 AMP 1200 nd 55 50 nd energy 
transport 
(3) membrane bound 1100 3.4 AMP 1210 nd 65 56 nd energy 
transport 
Black mustard PEP 
suspension cell vacuole 1193 0.57 PEP 380 0.05 60 59 4.5 phos-phatase 
3-PGA 
Sugarcane chloroplast 488 nd 3-PGA 740 0.19 160 51 6.5 pho-sphatase 
Spinach leaf chloroplast 0 - P-Gly 468 nd 86 21 4.3 P-Gly 
pho-phatase 
Silver beet leaf 13 0.8 AMP 25 nd 31 28 nd AMPase 
"Barley root 9.1 0.6 ATP 6.9 nd 78 38 6.0 nd 




cells 4.1 0.4 ATP 5.8 nd 144 76.68 nd nd 
Black mustard 
suspension cells 1225 0.29 PP, 650 0.08 60 59 4.5 scaveng-P 
Soybean suspension 
cells 512 0.3 nd nd nd 130 58 nd nd 
Maize suspension cells 2.6 0.35 G1-3-P nd 0.26 31.5 29 nd scaveng-P 
Cellular location to be 
determined 
Wheat germ 605 0.2 nd nd nd 58 58 nd nd 
Triticale 
(1) plump seeds 43 0.57 PP� 37 nd 46 46 5.9 nd 
(2) shriveled seeds 148 0.35 PPj 124 nd 46 46 5.9 nd 
Vigna sinensis seeds (1) 633 0.11 PPj nd 150 nd nd recycle-P 
(2) 302 0.13 PPj 278 nd 98 nd nd recycle-P 
(3) 123 0.17 PEP 171 nd 48 nd nd recycle-P 
(4) 348 0.23 PEP 407 nd 62 nd nd recycle-P 
Kidney bean 178 35.6 ATP 1066 0.43 130 55 nd ATPase 
Mung bean cotyledons 968 nd ATP 1026 nd 130 53 nd recycle-P 
Sunflower seed 113 0.08 PPj 103 nd 103 56.52 nd mobilize-P 
Tomato suspension cells 24 Nd F6P M nd 51 51 nd nd 
Sweet potato tuber 52.4 0.17 G1-2-P 36.2 nd 110 55 5.2 nd 
Poppy seed 28 0.2 P-Tyr 189 1.5 106 63.57 nd P-Tyr PPase 
Potato tuber 111 0.59 P-Tyr 103 8.7 27 28 nd P-Tyr PPas 
Potato tuber 1250 1.1 P-Tyr 1917 0.99 110 57.55 nd P-Tyr PPas 
Wheat seedlings 166 0.11 P-Tyr 174 nd 35 37 5.8 P-Tyr PPas 
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and have distinct metabolic functions. Meanwhile, the truly non-specific APases 
occur in a wide variety of species and tissues and they are considered to play a role in 
the production, transport and recycling of phosphorus. 
In intracellular acid phosphatase activity assay, p-nitrophenylphosphate 
(pNPP) is commonly used as a substrate. While inside the cell, many APases show 
substantial activities with key metabolites of intermediary metabolism such as ATP, 
PPi，3-PGA and PEP. The Km value of the APases for these substrates is frequently in 
the jiiM range (Duff, 1994). As a subsequence, determination of the physiological 
roles for APases in plants is difficult. 
2.5.1.2 Distribution, localization and function of acid phosphatase 
Extracellular APases appear to be ubiquitous in roots and plant cell cultures. 
They are either localized within the cell wall or secreted to the environment (Ueki 
and Sato, 1977; Lee, 1988; Duff et al., 1991; Goldstein et al., 1989; Kaneko et al., 
1990; Lefebvre et al., 1990; LeBansky et al” 1992; Miemyk, 1992). Although their 
precise physiological roles remains to be firmly established, undoubtedly they are 
involved in hydrolyzing and mobilizing phosphorus from organic phosphates in the 
soil for plant nutrition (Lee, 1988; Lefebvre et al., 1990). Moreover, they are 
suggested to act as phosphorus 'salvage system' which converts any leaked 
esterified-P to phosphorus for plant re-absorption (Lefebvre et al., 1990). 
Intracellular APases have been found in all organs and developmental stages 
of plants. Inside the plant cell, they are not only in cytoplasm, but also in vacuole 
(Nishimura and Beevers, 1978; Boiler and Kende, 1997, Vogeli-Lange et al., 1989; 
Duff，1991). Since nutrient sufficient plants store 'excess' phosphorus in their 
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vacuole in the form of Pj, which is not the substrate for APases, it is thought that 
storing them in the vacuole can prevent their damage to the cytoplasm. 
Intracellular APases are involved in the routine utilization of phosphorus 
reserves or other phosphorus-containing compounds. Vacuolar APases may also play 
an important role in the scavenging of metabolic pathway. For example, shikimate is 
the substrate of EPSP synthase in the aromatic amino acid and phenylpropanoid 
biosynthesis pathway. Glyphosate is an inhibitor of the EPSP synthase. Exposure of 
plants to the herbicide glyphosate results in amassive vauolar accumulation of 
shikimate (Bogeli-Lange et a l , 1989)，which is hydrolyzed by vacuolar APases 
instead of cytoplasmic EPSP synthase. 
2.5.1.3 Regulation of acid phosphatase 
The great diversity of plant APases in terms of their biochemical properties, 
compartmentations, and tissue specificities suggests a complex regulatory pattern 
(Duff, 1994) and development and environment are two main factors affecting their 
expressions. 
In higher plants, different kinds of APases are induced during different 
developmental stages. These stages include seed germination (Gibson and Ullah, 
1988; Biswas and Cundiff，1991)，flowering and senescence (De Leo and Sacher, 
1970; Lai and Jaiswal, 1988)，greening of etiolated seedlings (Christeller and Toblert, 
1978) and fruit ripening (Kanellis et a l , 1989). The induced APases are usually 
substrate specific and serve certain functions. For example, during seed germination, 
a significant increase in APase activity was observed (up to 30-fold) along with the 
decrease in seed organic phosphate reserves (Gibson and Ullah, 1988; Biswas and 
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Cundiff, 1991). This large induction appears to arise from gibberellic acid-regulated 
de novo APase synthesis (Bhargava and Sachar, 1987). 
Environmental determinants that elicit increased expression of intra- and/or 
extracellular APases include (i) the exposure of roots to divalent cations such as Ni^ ,^ 
Ca2+ and Mg2+; (ii) phosphorus and other salt stress; and (iii) water deficit stress 
(Duff, 1994). Among them, phosphorus stress is the most dominant factor that has 
been documented by plenty of reports. However, the knowledge of the molecular 
events underlying APase induction is insufficient and needs further studies. 
2.5.2 Purple acid phosphatase (PAP) 
2.5.2.1 General introduction 
Among the diverse of APases in higher plants, purple acid phosphatase 
(PAP) is readily distinguished by its purple color in solution and its iron containing 
dimetal center. 
In 1975, Nochumsen first found this extracelluar APase in commercial 
phytohemagglutinin preparations of kidney bean {Phaseolus vulgaris). Later, similar 
enzymes were also found in a variety of plant species (Table 3). 
Table 2.3: PAPs found in higher plants 
Source Molecular w e i g h t ^ O p t i m a l Dimetal References 
(kDa) (nm) PH cofactor 
Native Subunit 
Sweet potato HO ^ sTs 4 J ~ F e ( I I I ) - Z n ( I I ) Sugiura, 1981 
T , � � Durmus, 1999 
Kidney bean 130 55 560 5.5 Fe(III)-Zn(II) Beck et al., 1986 
Rice 100 65 555 5.5 N/A Igaue, 1976 
Soybean 130 58 556 5.5 Fe(III)-Zn(II) LeBansky et al., 1992 
Duckweed 57 57 556 N/A N/A Nakazato et al., 1999 
Anchusa officinalis N/A 55 N/A N/A N/A Liang H, 1998 
Arabidopsis N/A N/A N/A N/A N/A Patel et al’.，1998 
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In the last two decades, studies on PAP were focused on its DNA and 
protein sequences, protein structure, crystallography, chemical mechanism, active 
site structure, substrate specificity, inhibitor sensitivity and sub-cellular localization. 
Different from animal PAPs, plants PAPs are all dimeric glycoproteins with 
molecular weighs of about 110 kDa. The two subunits are identical and each has a 
molecular weigh around 55 kDa. At presence, DNA and amino acid sequences of 
PAP of kidney bean {Phaseolus vulgaris), sweet potato (Ipomoea batatas), 
Arabidopsis thaliana, Anchusa officinalis and soybean {Glycine max) are available in 
the GenBank. The high homologies in DNA and amino acid sequence (e.g. kidney 
bean PAP and sweet potato PAP share 83% and 84% identities in DNA and amino 
acid sequences, respectively) imply an early development in plant evolution. 
PAPs were also found in bovine spleen (bsPAP), porcine uterine fluid and 
human tissues. These mammalian PAPs are also named as tartrate-resistant acid 
phosphatase (TRPAP) according to their distinguished resistance to the inhibition by 
tartrate. Although the characteristic features warrant their designations as purple acid 
phosphatase, the mammalian PAP and plant PAP differ considerably in their 
molecular mass (mammal PAPs are all monomeric glycoproteins and have a 
molecular weight of about 35 kDa), subunit arrangement and amino acid sequence 
(Klabunde, 1997). 
The kidney bean PAP (kbPAP) is a well-studied PAP in plants. This dimeric 
glycoprotein has an intersubunit disulfide linkage, which contribute to the stability of 
the dimer (Cashikar and Rao, 1996). Each subunit contains 432 amino acid residues 
and five heterogeneous glycosylation sites (Klabunde et al., 1994). The Zn(II) and Fe 
(III) centers in each subunit lie at the bottom of a broad pocket formed by both 
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monomers and are exposed to the solvent. The characteristic violet color of the 
enzyme is due to the presence of the tyrosine-Fe(III) linkage and its charge transfer 
transition, which gives a broad absorbance band in the range of 500-600nm and a 
maximum at 560nm. Analyses of the products by hydrolysis of a substrate containing 
a chiral phosphorus with ^'P NMR, stopped-flow measurements and kinetic studies 
all support a reaction path involving nucleophilic attack of a Fe(III)-bound hydroxide 
ligand on the phosphate ester bound to the ZN(II) center (Klabunde, 1997). 
The optimal pH of kbPAP is around 5.5 and a wide range of intracellular 
substrates was found (Table 4，Cashikar, 1997). Similar properties are also observed 
in other plant PAPs, resulting in the difficulty of defining their in vivo physiological 
roles. 
Table 2.4: Substrate specificity of the kbPAP 
Each substrate was used at a concentration of 1 mM. All activities are relative to 
the activity for pNPP (taken as 100 %) (Cashikar, 1997). 












Cashikar (1997) had located the kbPAP in the cell wall of two to three rows 
of cells in the cotyledon periphery and so do the PAPs in rice and soybean. PAP was 
also found in suspension cell culture of soybean, rice, sweet potato and Anchusa 
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officinalis (Liang, 1998). Although the exact physiological ftinction of it remains to 
be elucidated, as an extracelluar APase, PAP is supposed to play a role in the 
liberation of phosphate from organophosphates for optimal plant growth, especially 
under phosphate starvation. 
2.5.2.2 Regulation of PAP 
Although a lot of studies have been done to elucidate the enzyme properties 
of plant PAP, information on its regulation remains scarce. In a recent research, Liang 
(1998) studied the expression pattern of it in the cultured cells of Anchusa officinalis. 
An increase in PAP expression at mRNA level was observed by decreasing the 
phosphate concentration in the medium. Results of northern blot experiment showed 
that the expression is non-detectable at high (4mM) phosphate concentration in the 
medium while dramatic increase in mRNA was observed at phosphate concentration 
of 0.5mM. 
Patel et al. (1998) identified and cloned an Arabidopsis PAP gene (PAPI) 
according to partial amino acid sequence information from the soybean-secreted PAP. 
When Arabidopsis was grown in normal MS medium, little expression of PAPl was 
detected in both the leaves and root. However, significant increase in PAPl 
expression could be detected as rapidly as 6 hr after transfer to phosphate-deficient 
medium and re-supplying the medium with phosphate rapidly resulted in an 
decreases in the amount of PAPl mRNA (Patel, 1998). In another study of the phol 
mutant (a mutant having defect in transporting phosphate from roots to shoots), it 
was found that large amount of PAPl mRNA and protein accumulated in the leaves. 
Thus, both the studies indicate a tight coordination between PAP expression and the 
29 
environmental phosphorus availability (Patel, 1998). 
Patel and his colleagues (1998) took the first step in revealing the regulatory 
mechanism of this enzyme. They made PAPl promoter: :GUS fusions with an 
approximate 3,000bp promoter and a shorter 540-bp promoter. Both constructs were 
transformed into Ambidopsis. The reporter gene was expressed in a phosphate 
starvation-dependent manner, indicating that much of the regulation of the PAPl 
gene occurs at the transcriptional level (Patel, 1998). On the other hand, there 
seemed to be no significant difference in expression between the 3,000- and 540-bp 
promoter in either the phol mutant or wild type plant. Thus, they suggested that at 
least one major phosphate starvation-response element is located within the 540-bp 
promoter. 
30 • 
Chapter 3: Hypothesis 
Phosphorus is one of the essential mineral elements and macronutrients of 
higher plants. However, its availability in native soil around the world is seldom 
adequate for optimal plant growth and makes it one of the major problems in global 
agriculture development. 
The importance of low phosphorus availability in plant evolution is 
evidenced by a wide array of adaptive responses. The occurrence of phosphorus 
starvation responses is controlled by gene expression whose mechanism(s) are still 
unclear in higher plants. Elucidation of these mechanisms will not only promote our 
knowledge, but also benefit agriculture development. 
Of these adaptive responses, the induction of extracellular acid phosphatases 
has been a biochemical marker of higher plants under phosphorus stress. Among 
these phosphatases, the purple acid phosphatase (PAP) is distinct by its characteristic 
purple color and iron containing dimetal center. In the last two decades, plant PAP 
was extensively studied including its DNA and protein sequence, protein structure & 
crystallography, chemical mechanism, active site structure, substrate specificity, 
inhibitor sensitivity and sub-cellular localization. Recent evidences from Arabidopsis 
and Anchusa officinalis suggested that its expression is regulated by environmental 
phosphorus at trascriptional level. We are interested in using PAP as a model gene to 
further elucidate the phosphorus regulation mechanism in higher plant. 
Based on previous studies, we hypothesize: 
1. Purple acid phosphatase (PAP) occurs commonly in higher plants; 
2. The expression of PAP is regulated by phosphorus at transcriptional level; and 
31 • 
3. The promoter of PAP plays an important role in this phosphorus-regulated 
mechanism. 
We propose to test these hypotheses through: 
1. Detecting the presence and expression of PAP gene in higher plants; 
2. Setting up a model plant system to demonstrate the expression of PAP is regulated 
by environmental phosphorus at transcriptional level; 
3. Constructing a genomic library to isolate the promoter of PAP; and 
4. Analyzing the PAP promoter activity under phosphorus stress condition through 
transient expression of a reporter gene. 
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Chapter 4: Materials and Methods 
4.1 Materials 
4.1.1 Chemicals 
Most chemicals were reagent grade or molecular grade and were purchased 
from Sigma Chemical Company unless otherwise noted. Molecular biology supplies 
including enzymes were obtained from Promega, New England Biolabs, Roch or 
otherwise specified. 
4.1.2 Plant materials 
Seeds of soybean, blackbean, mungbean, tobacco, rice, com and wheat were 
provided by Prof. Sun, S.S.M. (CUHK, Hong Kong). Tomato {Nian Feng) seeds and 
banana seedlings were obtained from Guangzhou Vegetable Scientific Research 
Institute. Chinese cabbage seeds were given by Ms. Liu Ling (Beijing Vegetable 
Research Center). 
4.1.3 Plasmid vectors and bacterial strains 
The pGEM-T Vector System was purchased from Promega. The pBI221 
vector was provided by Prof. Sun, S.S.M. (CUHK, Hong Kong). 
E. coli strain DH5a was used as host for pGEM-T vector manipulation and 
maintenance. E. coli strain JM109 was used as host for pBI221 vector manipulation 
and maintenance. 
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4.1.4 DNA sequencing 
DNA sequencing was performed using Perkin Elmer ABI Prism™ 310 
Genetic Analyzer and ABI Prism™ dRhodamine Terminator Cycle Sequencing Kit 
following the manufacturer's protocol. 
4.1.5 Softwares: 
Search for restriction sites and comparison of DNA and protein sequences 
were performed using DNA Analysis 3.1 program. On-line homologous sequence 
searches were performed by BLAST program (http://www.ncbi.nlm.nih.gov/BLASTy 
Oligonucleotide primers were designed mostly using Primer3 program 
(http://www-geiiome.wi.mit.edu/cgi-bin/prinier/primer3.htm�or otherwise noted. 
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4.2 Methods: 
4.2.1 Survey of PAP occurrence in higher plants 
4.2.1.1 PAP cDNA sequences comparison and design of primers 
After comparing the PAP cDNA sequences of kidney bean, Arabidopsis 
thaliana, sweet potato and Soybean (Figure 4.1), two primers (PAP-3 and PAP-4) 
were designed according to their highly conserved sequence regions: 
5’ primer (PAP-3): 
5'- CGGAATTCAATGCTCCTCAACAGGTTC -3， 
3'primer (PAP-4): 
5，- CGGAATTCCCCAAGTATCCCATCT -3 ’ 
Sequences underlined are the EcoRI restriction sites. The distance between 
the two primers with sweet potato PAP cDNA as template is 475bp and they are 
located near the 5' end. 
4.2.1.2 Seed germination and RNA extraction 
All the seeds were sterilized by soaking in 15% bleach (0.79% 
hypochloride) for 15 min and washed with sterile water for 10 times. Seeds were 
plated on sterile tissue paper in Megenta boxes supplemented with a minimum of 
water and incubated at 22�C，with a 16hr light and 8hr dark cycle. Roots of 
15-day-old seedlings were collected and small-scale RNA extractions were 
performed immediately. 
Total RNA was extracted from the roots using the method of Altenach et al. 
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(1989). About 300 mg of root tissue was ground into fine powder with liquid 
nitrogen. The powder was transferred to a micro-centrifuge tube and 0.6 ml 
extraction buffer [0.05 M LiCl, 0.05 M Tris.HCl (pH 8.0), 0.05 M EDTA, 0.5% SDS, 
50% phenol (Phenol was added before the extraction)] was added. The mixture was 
vortexed gently for 10 sec and incubated at 55°C for 15 min. Then, 0.6 ml of 
chlorofomVisoamyl alcohol solution (24:1, v/v) was added and mixed by inverting 
for several times. The mixture was subjected to centrifugation at 10,000 rpm for 5 
min at room temperature. The supernatant was removed and transferred to new 
micro-centrifuge tube and subjected to another two times of phenol/isoamyl alcohol 
extractions. An equal volume of 4 M LiCl was mixed with the supernatant and the 
precipitation was allowed to precede overnight at 4°C. The following steps were 
performed on ice. Centrifugation of 14,000 rpm was carried out at 4°C for 10 min. 
The pellet was suspended with 500 |li1 2 M LiCl and centrifliged at 14,000 rpm for 10 
min. The pellet was dissolved in 250 DEPC-treated H2O, followed by addition of 
25 sodium acetate (3 M, pH 5.0). Two volumes of ethanol were added and the 
mixture was incubated at - 20 °C for 2hr. After a centrifugation at 14,000 rpm for 10 
min, the pellet was washed with 200 |li1 70% ethanol by pippeting up and down and 
subjected to another centrifugation at 14,000 rpm for 8 min. Finally, the pellet was 
dried under vacuum centrifugation, followed by dissolving in 20 |al DEPC-treated 
H2O. RNA samples were stored at 一 70 °C. 
4.2.1.3 Reverse transcription PGR (RT-PCR) 
One ^g of total RNA was mixed with 0.2 jig Oligo-T primer (5' 
CGGAATTCTTTTTTTTTTTTTTT 3') in a 20 volume. The mixture was heated 
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at 65°C for 5 min and chilled on ice. Reverse transcription was performed at 42°C 
for Ihr with addition of the following components: 6 DEPC-treated H2O; 2 [x\ 10 
mM dNTPs; 2 |al 40 units/)il rRNA sin; 4 [i\ 100 mM DTT; 4 i^l 5x M-MLV buffer 
[50 mM Tris.HCl (pH8.3), 75 mM KCl, 3 mM MgCb, 10 mM DTT] and 2 |il 200 
units/)il M-MLV reverse transcriptase (Promega). 
After the synthesis of first strand cDNA, PGR was performed with the 
following components: 
Reverse transcription product 10 
25 mM MgCb 3 )il 
2 mM dNTPs 5 [i\ 
lOx PGR buffer [500 mM KCl, 100 mM Tris.HCl (pH 5 i^l 
9.0)，1% Triton X-100] 
PAP-3 primer (0.1 |ig/|al) 5 i^l 
PAP-4 primer (0.1 5 i^l 
DEPC-treated H2O I7|_a 
Total volume 50 x^l 
The PGR conditions were as follows: 1 cycle of 94°C for 5 min, with the 
addition of 0.5 Thermoplus Plus DNA polymerase (5 units/|al, Advanced 
Biotechnologies) after 4 min; 30 cycles of 9 4 � C for 30 sec, 50°C for 30 sec and 72°C 
for 90 sec; 1 cycle of 72°C for 7 min. 
Ten of PGR reaction mixture was subjected to 2% agarose gel 
electrophoresis. PCR products were recovered from agarose gel using QIAGEN Gel 
Extraction Kit (QIAGEN). The recovered PCR products were ligated to pGEM-T 
vector (Promega) and sequencing was performed with T7 and SP6 primers (Promega) 
flanking the multi-cloning site. 
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Sweet potato 5 ' ATGGGC ——G CGTCAAGAAC GGGATGC——30 
Kidney bean 5 ' ATGGGTGTTG T G A A G G G T C 3 0 
Arabidopsis thaliana 5 ‘ ATGAGTTCAA GATCTGACCT C A A A A T C — — 3 0 
Anchusa officinalis 5 ' ATGGTTTTAA TACCAAAAAC C A A A A A T — — 3 0 
TACTTACTCG CGGTTGTTTT GGCGGCGGTT ATGAATGCCG CCAT 80 
TCT TAG---CTTT AGCTTTGGTT CTGAATGTGG TTGTGGTGAG 80 
AAACGAGTTT CTTTGATAAT CTTCTTGCTA AGTGTTCTTG TTGAGTTTTG 80 
TTGATCATTT TTGTTTCTTT GATTCTAGCT TTTAATGCAG CCACATTATG 80 
---TGCCGGA ATCACCAGCA GCTTTATCCG GAAGGTGGAG AAAACCGTGG 13 0 
TAATGGAGGC AAAAGCAGCA ACTTTGTGAG GAAAACCAAC AAGAATAGGG 1 3 0 
CTATGGAGGG TTCACAAGTG AATATGTCAG AGGAAGTGAT TTACCAGATG 1 3 0 
TAATGGAGGA ATCACAAGTA GGTTCGTCCG AAAGCTGGCG GCCGCCACGG 1 3 0 
ATATGCCGCT CGACAGTGAT GTATTTCGCG TGCCGCCTGG ATATAATGCG 1 8 0 
ATATGCCACT TGACAGTGAT GTGTTTAGGG TTCCTCCTGG TTATAATGCT 1 8 0 
ACATGCCACT AGACAGCGAT GTTTTTGAAG TTCCTCCTGG TCCTAATTCA 1 8 0 
ATATGCCTTT AAATAGTGAC GTCTTCCGTG TTCCTCCGGG CTAT^TGCT 1 8 0 
Primer PAP-3 + 
CCTCAACAGG TTCATATCAC ACAAGGAGAT CATGTGGGGA AAGCAATGAT 2 3 0 
CCTCAGCAGG TTCATATAAC GCAAGGTGAC CTTGTGGGGA GGGCAATGAT 2 3 0 
CCTCAACAGG TTCATGTAAC GCAAGGGAAC CATGAAGGTA ATGGAGTGAT 2 3 0 
CCTC^CAGG TTCATATAAC ACAAGGTGAT CTTGAAGGGG AAGCCATGAT 23 0 
TGTGTCATGG GTGACTGTGG ATGAACCGGG TTCGAGTAAA GTGGTGTACT 2 8 0 
AATATCATGG GTGACTATGG ATGAACCGGG GTCGAGTGCA GTGCGTTATT 2 8 0 
CATTTCTTGG GTGACTCCGG TTAAGCCCGG TTCTAAGACT GTTCGATATT 2 8 0 
TATTTCTTGG GTTAGAATGG ATGAGCCTGG TTCAAGTAAA GTGTTGTATT 2 8 0 
GGAGTGAGAA TAGCCAACAC AAGAAAGTGG CTAAAGGAAA TATTAGAACC 33 0 
GGAGTGAGAA AAATGGCAGG AAGAGGATTG CAAAAGGAAA AATGAGTACT 33 0 
GGTGTGAGAA TAAGAAATCG AGGAAACAAG CAGAAGCAAC AGTTAATACT 33 0 
GGATAGATGG TAGCAATCAA AAGCACAGTG CCAATGGAAA GATTACTAAA 33 0 
TATACATACT TCAATTATAC TTCTGGTTAC ATTCACCACT GCACCATTAG 3 8 0 
TATAGGTTCT TCAATTACTC ATCTGGGTTT ATTCATCACA CCACCATCAG 3 8 0 
TACAAGTACT ATAATTATAC GTCTGGTTAT ATTCACCATT GCCTCATCGA 3 80 
TACAAGTACT ATAATTATAC GTCTGGTTAT ATTCACCATT GCCTCATCGA 3 80 
GAATCTTGAG TACAATACCA AATACTACTA TGAGGTTGGG ATTGGGAACA 4 3 0 
AAAATTGAAG TACAACACCA AATACTACTA TGAAGTTGGA CTTAGAAACA 4 3 0 
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TGATTTGGAA TTTGATACGA AATACTACTA CGAAATTGGG AGTGGCAAGT 4 3 0 
ACGTTTGAAG CATAATACCA AATATCACTA TGAGGTTGGA ATCGGGCACA 4 3 0 
CGACTCGAAG CTTCTGGTTC ACGACGCCTC CTGAAGTTGG GCCTGATGTT 4 8 0 
CAACACGCCG GTTTTCGTTC ATAACTCCAC CTCAAACAGG CCTTGATGTA 4 8 0 
GGTCCAGACG GTTCTGGTTC TTTACCCCGC CTAAATCAGG CCCTGACGTA 4 8 0 
CTGTTAGATC ATTTTGGTTC ATGACTCCTC CTGAAGTTGG TCCTGATGTT 4 8 0 
CCTTATACTT TTGGTCTTAT AGGGGATCTT GGGCAGAGTT TTGACTCAAA 5 3 0 
CCATATACAT TTGGTCTCAT AGGGGATCTT GGTCAGAGTT TTGATTCAAA 5 3 0 
CCTTACACAT TTGGATTAAT TGGGGATCTA GGACAAACTT ATGACTCAAA 5 3 0 
CCTTATACTT TCGGCCTAAT AGGGGATCTT GGACAGAGTT ATGATTCGAA 5 3 0 
CAGGACACTC ACACATTATG AAAGAAATCC AATAAAGGGG CAAGCAGTTC 5 8 0 
TACAACGCTT TCTCACTATG AGTTGAGTCC AAAAAAGGGA CAAACAGTAC 5 8 0 
TAGTACGTTA AGCCATTATG AGATGAATCC GGGAAAAGGA CAAGCGGTTC 5 8 0 
TTCGACGCTT ACTCACTACG AATTCAATCC AACCAAAGGG CAAGCAGTGT 5 8 0 
TGTTTGTTGG TGACCTCTCG TATGCAGATA ATTATCCTAA CCATGATAAT 6 3 0 
TGTTTGTTGG AGACCTCTCT TATGCTGATA GGTACCCGAA TCATGATAAT 6 3 0 
TGTTTGTAGG AGACTTGTCT TACGCGGATC GCTACCCTAA CCACGACAAC 6 3 0 
TGTTTGTTGG AGACCTCTCT TATGCGGATA CTTATCCTAA TCACGACAAT 6 3 0 
GTAAGATGGG ATACATGGGG ……3' 
GTTAGGTGGG ATACTTGGGG ……3' 
AATAGATGGG ATACTTGGGG ...... 3 ' 
GTAAGATGGG ATACGTGGGG ...... 3 ' 
<r Primer PAP-4 
Figure 4.1: Comparison of PAP cDNA sequences from sweet potato, kidney 
bean, Ambidopsis thaliana and Anchusa officinalis. 
Dots ( . ) indicates the sense primer (PAP-3) and underline ( — ) indicates the 
anti-sense primer (PAP-4). Bold denotes highly conserved regions. 
39 
4.2.2 Determination of multi-gene family and gene copy number of PAP in 
tomato genome 
Tomato was chosen as a model plant to study the regulatory mechanism of 
PAP in higher plants. Southern analyses were carried out to determine the multi-gene 
family and gene copy number of PAP in the genome. 
4.2.2.1 Genomic DNA extraction 
The modified method of Doyle et al (1990) was followed for tomato 
genomic DNA extraction. Approximate 0.75 g of tomato leaf was ground to fine 
powder in liquid nitrogen and mixed with 5 ml CTAB extraction buffer [2% CTAB 
(w/v), 1.4 M NaCl，20 mM NazEDTA, 100 mM Tris.HCl (pH 8.0)，0.2 % (v/v) 
P-mercaptoethanol. P-mercaptoethanol was added before use and the buffer was 
preheated to 60°C]. The mixture was incubated at 60°C for 30 min with occasional 
inverting. Five ml of chloroform-isoamyl alcohol solution (24:1, v/v) was added with 
gentle mixing and the mixture was centrifuged at 8,000 rpm for 10 min. The 
supernatant was collected and mixed with 2/3 volume of isopropanol. Precipitation 
was allowed to proceed at room temperature for 1 hr followed by centrifugation at 
8,000 rpm for 5 min. The pellet was then suspended in 5 ml Wash Buffer (10 mM 
ammonium acetate, 76% ethanol) at room temperature for 30 min. The suspension 
was centrifuged again at 8,000 rpm for 10 min and the pellet was air-dried. The dry 
DNA was dissolved in 400 i^l TE buffer [10 mM Tris.HCl (pH 8.0)，1 mM EDTA]. 
RNase digestion was carried out with the addition of 5 )al RNase (1 mg/ml) and 
incubation at 37 °C for 30 min. Then, the mixture was undergone three times of 
phenol and chloroform extractions with centrifugation at 10,000 rpm for 5min in 
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each extraction. The supernatant was mixed with 1/10 volume of 3 M ammonium 
acetate (pH 5.2) and 2 volumes of cold ethanol. Centrifugation was followed at 
10,000 rpm for 5 min. The pellet was washed with 70 % ethanol and air-dried. 
Finally, the dried DNA was dissolved in 100 \i\ TE buffer (pH 8.0) and stored at 4 °C. 
The amount and quality of the extracted genomic DNA were checked by 
spectrophotometric measurement and gel electrophoresis. 
4.2.2.2 Digoxigenin (DIG) labeling reaction 
DIG labeling reaction was performed as follows (protocol from Dr. H. M. 
Lam, CUHK) to synthesize DIG-labeled anti-sense probe. Labeling PGR was 
initiated in a 100 |li1 volume with 50 ng DNA (TPAP-500) mixed with 2 i^l 10 x 
dNTP labeling mixture (Roch, 1 mM dATP, 1 mM dCTP, 1 mM dGTP, 0.65 mM 
dTTP and 0.35 mM alkali-labile DIG-dUTP pH 6.5), 5 |al 10 mM MgCb, 10 10 x 
PGR buffer, 6.6 fal 1.5 jiM anti-sense primer (PAP-4) and 2 \x\ Taq polymerase (Roch; 
lU/|al). The PGR conditions were as follows: 
1 cycle: 9 4 � C 2 min 
55 cycles: 9 4 � C 20 sec 
5 3 � C 30 sec 
72°C 2 min 
1 cycle: 7 2 � C 10 min 
The yield of the DIG-labeled probe was about 5 ng/fil. 
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4.2.2.3 Southern hybridization with high stringency conditions 
The restriction enzymes, EcoRI, Xbal and Hindlll, whose restriction sites 
are not present in the probe and the corresponding sequence on tomato genome, were 
chosen for genomic DNA digestion. On the other hand, copy number standards were 
prepared according to the rationale: 
i g 
G: size of genome in bp 
g: size of the probe in bp 
i: size of insert (query sequence) in bp 
V： size of the vector in bp 
X: the quantity of plasmid DNA (with probe sequence inserted) in |ag of one copy 
per genome 
Ten )ig of tomato genomic DNA was digested overnight and separated on 
0.8 % agarose gel along with the copy number standards. DNA was transferred to 
nylon membrane using the Pharmacia vacuum blot system (Pharmacia) and fixed by 
UV cross-linking (254 nm, 250 mJoule). Pre-hybridization was carried out at 42 °C 
for 4 hr. Fifteen ng of DIG labeled probe was heated in 50 volume at 99 °C for 5 
min and chilled on ice before being added to the hybridization solution. 
Hybridization was carried out at 42 °C for 16 hr. The membrane was washed twice in 
Low Stringency Buffer (2 x SSC, 0.1% SDS) at room temperature for 15 min 
followed by two washes in High Stringency Buffer (0.5 x SSC, 0.1% SDS) at 6 8 � C 
for 15 min each. Signal detection was performed with chemiluminescence substrate 
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CSPD as described in Roch's protocol. 
4.2.2.4 Southern hybridization in low stringency conditions 
Southern hybridization was performed with the same conditions described 
above except for some modifications as followings: 1) The pre-hybridization and 
hybridization were carried out at 39°C; and 2) high stringency washes were carried 
out at 65 °C with the buffer containing 2 x SSC and 0.1% SDS. 
4.2.3 Effect of environmental Pi on the morphology of tomato and APase 
induction 
To study the effect of environmental Pj on the morphology of tomato and 
acid phosphatase induction, a liquid MS medium culture system was setup. Acid 
phosphatase activities in leaf, root and medium were measured 
4.2.3.1 Liquid MS culture system 
As shown in Figure 4.2, a liquid MS culture system was setup. To prepare 
MS liquid medium with different Pi concentrations, a MS stock solution (Table 4.1) 
was prepared following the method of Li (1992) but without addition of phosphate 
salt. Immediately after autoclaving, different amounts of sterile 1.0 M KH2PO4 were 
added to the P-free medium to make 0; 0.2; 1.25, and 5mM Pj media (Table 4.2). 
Tomato seeds were sterilized by firstly soaking in 70% ethanol for 30 sec 
and then washing with sterile H2O for 5 times. The washed seeds were then treated 
with 15% bleach (0.79% hypochloride) 20 min vortexing, followed by 10 times of 
washes in sterile. The sterilized seeds were plated on the filter paper in the test tubes 
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for germination and growth at 26°C, with a light cycle of 16 hr light and 8 hr dark. 
4.2.3.2 Extracellular acid phosphatase assay 
Three hundred d^ of MS liquid medium from the 15-day-old seedling 
culture was mixed with 200 |al citrate buffer (0.1 M citrate, pH 4.8) and 100 
substrate solution (1 mg/ml p-nitrophenyl phosphate in 0.09 M citrate buffer, pH 4.8). 
The reaction was incubated at 37°C for 1 hr and stopped by addition of 200 NaOH. 
OD measurements were performed at 405 nm. 
4.2.3.3 Intracellular acid phosphatase assay 
Approximate 0.5 g leaf and root tissues from the 15-day-old seedlings were 
ground with liquid nitrogen into fine powders, followed by mixing with 1 ml 
extraction buffer (50 mM NajPCU, pH 7.0; 10 mM NazEDTA; 0.1% Triton X-100, 
0.1% sodium lauryl sarcosine and 10 mM P-mercaptoethanol). The mixtures were 
centrifuged at 14,000 rpm for 15 min at 4°C and the supematants were collected. 
Protein concentration was determined using the Bio-Rad Protein Assay Kit 
(Bio-Rad). APase assay was performed with the supematants containing equal 
amount of protein. 
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Table 4.1: Compositions of the MS stock solutions: 
Components Mg/liter 












C 0 C I 2 . 6 H 2 O 5 
Fe-EDTA Stock (200x) * 
FeS04-7H20 5560 
Na2.EDTA.2H2O 
Vitamin Stock (200x) 
Myo-Inositol 20000 




* 1 liter of Fe-EDTA Stock Solution is prepared by dissolving the required amounts 
of FeS04'7H20 and Na2.EDTA.2H2O separately in 400 ml hot H2O with stirring. 
Then mix the solutions and adjust the pH to5.5 
Table 4.2: Preparation of MS liquid media with different Pi concentrations 
Pi concentration 0 mM — 0.2 mM 1.25 mM 5 mM 
Macro Nutrition Stock (ml) 10 10 10 10 
Micro Nutrition Stock (ml) 1 1 1 一 1 
Fe-EDTA Stock (ml) — 1 1 1 1 
Vitamin Stock (ml) 1 " 1 " 1 1 
Sucrose (g) 6 6 6 6 
Final volume (ml) 200 200 200 200 
Adjust pH to 6.5 and autoclave 
T m KH2PO4 (ml) I 0 I 0.04 I 0.25 | 1 
Aliquot to test tubes 
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Figure 4.2: Tomato seedling growing in MS liquid medium 
4.2.4 PAP expression in tomato seedlings growing at different Pi concentrations 
In order to demonstrate that the regulation of tomato PAP by environmental 
phoaphorus is at the transcriptional level, seeds were grown on MS solid medium 
with different Pj concentrations. Northern hybridization was performed with total 
RNA from leaves and roots. 
4.2.4.1 Tomato growing on MS media with different Pi concentrations 
• The preparation of MS solid medium was the same as the liquid medium 
except for the addition of agar. MS solid mediums with Pi concentrations of 0 mM, 
0.2 mM, 1.25 mM and 5 mM were prepared according to Table 4.3 by adding 
different amounts of sterile 1 M KH2PO4 to the Pj free MS mediums immediately 
after autoclaving. 
Tomato seeds were sterilized and plated on the MS solid medium in 
Megenta box for germinating and growth at 26 °C, with a light cycle of 16 hr light 
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and 8 hr dark. 
Table 4.3: Preparation of MS solid media with different Pi concentrations: 
Pi concentration 0 mM 0.2 mM 1.25 mM 5 mM 
Macro Nutrition Stock (ml) 10 10 10 10 
Micro Nutrition Stock (ml) 1 1 1 1 — 
Fe-EDTA Stock (ml) 1 1 1 — 1 
Vitamin Stock (ml) 1 " 1 " 1 1 
Sucrose (g) 6 6 6 6 
Agar 1.6 1.6 “ 1.6 ~ 1.6 
Final volume (ml) 200 200 200 200 
Adjust pH to 6.0 and autoclave 
T m KH2PO4 (ml) I 0 I 0.04 I 0.25 | 1 
Aliquot to Megenta boxes 
4.2.4.2 Northern hybridization 
Equal amounts of RNA samples were subjected to 1% formaldehyde gel 
electrophoresis and transferred to nylon membrane (Roch). RNA was fixed on the 
membrane by UV cross-linking (254 nm, 250 mJoule). Pre-hybridization and 
hybridization were carried out in 7.5 ml hybridization solution with 50 % formamide, 
SxSSC, 2 0/0 blocking solution (Roch), 1 M sodium phosphate (pH 7.0)，0.1 % 
N-lauroylsarcosine and 7 % SDS. Pre-hybridization was carried out at 42 °C for 4 hr. 
.Fifteen ng of DIG labeled anti-sense probe was heated and added to the hybridization 
solution. Hybridization was carried out at 42°C for 16 hr. After hybridization, the 
membrane was washed twice in Low Stringency Buffer (2 x SSC, 0.1 % SDS) at 
room temperature for 15 min each and followed by two washes in High Stringency 
Buffer (0.5 x SSC, 0.1 % SDS) at 68°C for 15 min each. Signal detection was 
performed with chemiluminescence substrate CSPD according to Roch's protocol. 
47 
4.2.5 Genomic library construction and PAP promoter isolation 
In order to isolate the promoter of tomato PAP, a genomic library was 
constructed using the Lambda pGEM-11 vector (Promega). A method based on 
long-distance PCR was applied to clone the promoter. 
4.2.5.1 Genomic library construction 
Tomato genomic DNA was extracted following the method described in 
4.2.2.1. The DNA for genomic library construction had a 八260/八280>1.75 with a high 
molecular weight > 20 Kb. 
About 300 |ig genomic DNA was diluted with dHzO to a final volume of 
540 The solution was then mixed with 60 i^l 10 x restriction buffer [100 mM 
NaCl, 10 mM Bis Tris Propane-HCl, 10 mM MgCb, 1 mM dithiothreitol (pH 7.0)] 
and pre-warmed to 37°C. About 11.25 units of Sau3A I (Promega) were added for 
digestion. At a 5-minunite interval from the min, 200 |al mixture was transferred 
to a micro-centrifuge tube and mixed with 10 [i\ EDTA followed by incubation at 65 
°C for 20 min to stop the reaction. The three mixtures were subjected to 
phenol-chloroform extractions. Precipitation was performed by adding 0.1 volume of 
3 M sodium acetate (pH 5.2) and 2 volumes of cold ethanol into the supematants. 
The mixtures were then kept at -20°C for 2 hr and followed by centrifugation at 
10,000 rpm for 10 min. Pellets were washed with 70% ethanol and air-dried. 
DNA pellets were dissolved in 30 |il dHzO and subjected to electrophoresis 
on 0.7% low-melting-point agarose gel at 25V overnight. DNA fragments ranging 
from 9 Kb to 23 Kb were recovered from the phenol extraction method (Molecular 
Cloning). The recovered DNA in the three mixtures was mixed together and checked 
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for the amount. 
DNA ligation was initiated in a 10 \x\ volume with 0.5 |j,g recovered DNA, 1 
|ag Lambda pGEM-11 vector BamH I arms (Promega), 1 i^l 10 x ligase buffer and 1 
|il DNA ligase (NEB). The ligation was allowed to proceed at 4 °C overnight. 
To package the ligation product, 25 Packagene ® Extract (Promega) was 
thawed on ice and mixed with 5 jul of the ligation mixture by gently tapping the 
bottom of the micro-centrifuge tube. The mixture was then incubated at 22°C for 3 hr. 
At last, 445 j^ l Phage Buffer [20mM Tris.HCl (pH 7.4), 100 mM NaCl, 10 mM 
MgS04] and 25 chloroform were added and mixed gently by inversion. Genomic 
library titration was performed according to the Genomic Cloing Manual (Promega). 
4.2.5.2 Division and amplification of genomic library 
Aliquots of packaged mixture containing ~5 x lO* pfu of phages were each 
mixed with 600 |il host cells (Aeoo -0.7) and incubated at 37°C for 15 minutes. 
Immediately after the addition of 6.5 ml top agar (1% tryptone, 0.5% yeast extract, 
0.5% NaCl, 0.7% agarose, melt and cooled to 48°C), the mixture was poured on 
150-mm bottom agar plates and incubated at 37 °C for 6-8 hr. Before the plaques 
touching to each other, 10 ml SM buffer [0.58% NaCl, 0.02% M g S C ^ � 5 0 mM 
Tris.HCl (pH 7.5), 0.01% gelatin] was overlaid on each plate and kept at 4°C 
overnight. Phage suspension was collected from each plate as a sub-library. Each 
sub-library was mixed with 7% (v/v) DMSO and stored at -70 °C. 
4.2.5.3 Identification of PAP clones in genomic sub-libraries 
PCR was performed with PAP specific primers (see below) to determine the 
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presence of PAP clones in sub-libraries (Figure 4.3): 
5'primer (PAP-11): 
5'- A T A A C A C A A G G A G A T C A T G T G G G - 3’ 
3，primer (PAP-9): 
5,- CGCTGGCCTTACACTTATGC - 3’ 
Genomic sub-libraries were thawn on ice and stored at 4°C with the addition 
of 25 chloroform to prevent the growth of bacteria. PCR was carried out with the 
following components: 
Genomic sub-libraries mixture 2 )il 
25 mM MgCl2 3 i^l 
2 mM dNTPs 2 
lOx PCR buffer [500 mM KCl, 100 mM Tris-HCl (pH 5 \x\ 
9.0), 1% Trition X-100] 
PAP-11 primer (0.1 )ig/|al) 2 }il 
PAP-9 primer (0.1 i^g/jal) 2 i^l 
H2O 34 til 
Total volume 50 
The PCR conditions were as follows: 1 cycle of 94°C for 5 min with the 
addition of 0.5 )al DNA polymerase (5 units/|il, Promega) after 4 min; 30 cycles of 
94°C for 30 sec; 55°C for 30 sec; 72°C for 60 sec; and 1 cycle of 72°C for 7 min. 
4.2.5.4 Long-distance PCR 
The Expand Long Template PCR System® (Roch) was used for PAP 
promoter cloning. As shown in Figure 4.3, three primers were designed. Two sense 
primers, T7-Pro-III and SP6-Pro-III were specific to Lambda pGEM-11 vector arms; 
the anti-sense primer, PAP-12，was specific to PAP gene. The Tm of the primers was 
above 6 5 � C . 
Genomic sub-libraries containing the PAP clones were chosen to perform 
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long-distance PCR. The PCR mixture included 0.5 genomic sub-library, 8.5 |il 2 
mM dNTPs, 5 10 x PCR Buffer I (MgCb included), 1.5 |al 5' primer, 1.5 [x\ 3' 
primer, 0.75 |LI1 enzyme mix (3 units/JJ!) and 33 \i\ H2O. The PCR conditions were as 
follows: 
1 cycle: 94°C 2 min 
30 cycles: 9 4 � C 10 sec 
65°C 30 sec 
68°C 15 min 
1 cycle: 68°C 10 min. 
PCR products were resolved and recovered from agarose gel. DNA 
sequencing was performed with PAP-12 as sequencing primer. 
T7-Pro-m PAP-12 SP6-Pro-III 
• 
• M < 
5' I I j ^ y ^ ^ i i m 3’ 
“ PAP-l 1 PAP-9 
I 、， 人 A � ‘ ； 
Y Y Y 
Lambda vectorTomato genomic insert Lambda vector 
Figure 4.3: The strategy for cloning PAP promoter 
Regular PCR was performed to determined the PAP clones in the genomic 
sub-libraries. Primers were designed specific to lambda pGEM-11 vector arms 
(T7-Pro-III and SP6-Pro-III) and tomato PAP gene (PAP-12). Long-distance PCR 
was used to amplify the upstream sequence of PAP gene. 
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4.2.6 PAP promoter activity assay by transient expression of reporter gene 
The overall strategy of promoter activity assay was to detect the transient 
expression of the reporter gene (GUS) driven by PAP promoter after biolistic 
bombardment. Plasmid DNA was delivered into tomato leaves and roots. GUS 
assays were performed to detection the expression levels of GUS gene in the 
bombarded tissues. 
4.2.6.1 Constructs 
Primers were designed to amplify approximate 2.7 kb tomato PAP promoter 
region (sequences underlined are restriction sites): 
5' primer (PAP-L): 
5'- CCAAGCTTGATGTACTTCCACCGCTTCTTC - 3, 
3，primer (PAP-Rl): 
5 ' -CGGGATCCTTTTGAGAAAACTCAAGTCTCACAT - 3, 
3’ primer for fusion protein (PAP-R2): 
S'-CGGGATCCCATTGTTGACACACTCATCTTTTGACT - 3， 
As schematically illustrated in Figure 4.4, the amplified PAP promoters 
were firstly cloned into pGEM-T vector (Promega) and then released by BamHI -
Hindlll digestion. The pBI221 vector was used as the GUS gene donor and the 
CaMV 35S promoter was removed by BamHI - Hindlll digestion. PAP promoter 
was inserted into the pBI221 vector upstream of the GUS gene. 
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4.2.6.2 Biolistic bombardment 
Fifteen-day-old tomato seedlings growing in MS liquid medium with 1.25 
mM phosphate concentration were collected. Gold particle (1.6 |im) was prepared 
and coated with DNA according to BioRad's protocol. Bombardments were 
performed using the Biolistic PDS-lOOO/He Particle Delivery System (BioRad). 
Bombardments were setup as followings: 
Bombardment target: 15-day-old tomato seedling root 
Holder level: 2 
Sample level: 4 
Rupture disk: 1100 psi 
Vacuum: 27 inches of Hg 
After bombardments, half of the samples were allowed to grow on 
MS liquid medium with 0 mM phosphate and the rest at 5 mM phosphate 
concentration. After 24 hr, the samples were subjected to GUS staining. 
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Figure 4.4: Construction of PAP promoter: :GUS fusions 
The � 2 . 7 kb tomato PAP promoter region was amplified and cloned in pGEM-T 
vector. It was then released from the T-vector and used to replaced the CaMV 35S 
promoter in the pBI 221 vector. 
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4.2.6.4 GUS assay 
MS medium was poured off from the test tube and 4 ml of GUS staining 
solution [0.1 M sodium phosphate buffer, pH 7.0, 0.1% Triton X-100, 1.0 mM EDTA, 
0.5 mM K3Fe(CN)6，0.05 mM K4Fe(CN)6，0.05% X-glucuronide (X-glu)] (Jefferson, 
1987) was added to stain the bombarded roots of the tomato seedlings. Staining was 
allowed to proceed at 37°C overnight. 
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Chapter 5: Results 
5.1 Identification of PAP gene in higher plants 
5.1.1 Design of primers and total RNA extraction 
PAP cDNA sequences of kidney bean, soybean, Arabidopsis, and sweet 
potato obtained from GenBank were compared using DNA Analysis 3.1 program. 
Based on two highly conservative regions, two primers, PAP-3 and PAP-4 were 
designed as follows: 
5'primer (PAP-3): 
5'- CGGAATTCAATGCTCCTCAACAGGTTC -3’ 
3’ primer (PAP-4): 
5'- CGGAATTCCCCAAGTATCCCATCT -3 ’ 
Since Patel (1989) reported that PAP expression mainly occurred in the root 
of Arabidopsis and seldom in leaf, PAP may be root specific. Thus, seeds of soybean, 
blackbean, mungbean, tobacco, tomato, Chinese cabbage, rice, wheat, and com were 
sterilized and allowed to germinate with a minimum supplement of water for about 
10 days. Roots were collected and subjected to small-scale RNA extraction. 
Formaldehyde gel electrophoresis was carried out to check the quality of RNA 
samples (Figure 5.1). 
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Tomato Tobacco Soybean 
18S 
Figure 5.1 Formaldehyde gel electrophoresis of total RNA from tomato, tobacco 
and soybean 
5.1.2 RT-PCR 
One |ag of total RNA from each sample was used as template for first strand 
cDNA synthesis and 10 i^l of the reverse transcription product was used in PCR with 
primers PAP-3 and PAP-4. RT-PCR results showed that samples of soybean, 
blackbean, mungbean, tobacco, tomato, Chinese cabbage gave the expected �500-bp 
.fragments (Figure 5.2). The PCR products of tomato (TPAP-500) and tobacco were 
cloned into the pGEM T-vector and subjected to sequencing using T7 and SP6 
primers flanking the multi-cloning site (Promega) and the sequences were subjected 
to BLAST homology search. Results showed that the 475-bp fragment of tomato 
(TPAP-500) had 85% nucleotide identity and 84% amino acid identity with the sweet 
potato PAP (Figure 5.3 and Figure 5.4). It is noted that the amino acid sequences 
around the metal-ligating region are all identical. Similar results were obtained for 
tobacco. 
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The RT-PCR results indicate that PAP appears to occur commonly in 
dicotyledons and is highly conservative in both DNA and amino acid sequences. 
No expression of PAP was detected in the root of rice, wheat and com with 
the RT-PCR method. 
1 2 3 4 
500-bp 
B^l 
Figure 5.2 RT-PCR products of tomato, tobacco and soybean RNA 
One jag of total RNA was used as template for first strand cDNA synthesis using 
Oligo-T primer. Ten [i\ of the reverse transcription product was used as the template 
for PGR with primers PAP-3 and PAP-4. The RT-PCR products were analyzed by 
agarose gel electrophoresis. Lane 1，100-bp DNA marker; lane 2, tomato; lane 3， 
tobacco; lane 4，soybean 
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T o m a t o AATGCGCCTC AACAGGTTCA CATAACACAA GGAGATCATG 
P o t a t o * * * * * * * * * * * * * * * * * * * * "p* *C* * * * * * * * * * * * * * * * 
T o m a t o TGGGAAAAGC TGTTATTGTA TCATGGGTGA CTATGGATGA 
P o t a t o * * * *Q* * * * • * * * *Q * * * * * * * * * * * *G* * * * * * * 
T o m a t o ACCTGGTTCA AGTACAGTAG TATACTGGAG TGAGAAAAGC 
P o t a t o • * *Q* * * * *Q * * * * TtQ* *Q* * * * * * * * * * * * * -kie^ -k * 
T o m a t o AAGCATAAGT GTAAGGCCAG CGGAAAAGTT ACTTCCTATA 
P o t a t o c * A * * C * * * A A A G T * * * T * A A * * * * * T G * * * G A A * * * * * * 
T o m a t o CATATTATAA CTATACTTCT GGTTACATCC ACCACTGCAC 
P o t a t o * * * * c * T C * * T * * * * * * * * * * * * * * * * •'p* * * * * * * * * * * 
T o m a t o TATCAAAAAT TTGAAGTTTG ATACCAAATA CTACTATAAA 
P o t a t o C**T*GG*** C*TG***ACA * * * * * * * * * * * * * * * * * q * • 
T o m a t o TTGGGATTGG ACATATATCA CGAACCTTCT GGTTCACAAC 
P o t a t o * * * * * * * * * * GA*C*CGA*T * * * * q * * * * * * * * * * * 
T o m a t o TCCTCCAGAA GTCGGCCCTG ATGTACCCTA TACATTTGGT 
P o t a t o G * * * * * T * * * * * T * * G * * * * * * * * T * * T * * 
T o m a t o CTTATAGGGG ATCTTGGTCA GAGTTTTGAT TCAAACAAGA 
P o t a t o * * * * * * * * * * * * * * * * *Q* * * * * * * * *Q* * 
T o m a t o CACTCACACA TTATGAATTA AATCCAATTA AGGGGCAAGC 
P o t a t o * * * * * * * * * * * * * * * * * 
. T o m a t o AGTGTTGTTC GTAGGTGACT TATCTTATGC TGATAACTAC 
P o t a t o * * * T C * * * * T * * A * * * * * * C C * G * * * * * * * A * * * * * T * * T 
T o m a t o CCTAATCATG ACAATGTAAG ATGGGATACT TGGGG 
P o t a t o * T * * * * * * * * * * * * * 
Figure 5.3: DNA sequence alignment between TPAP-500 and the sweet potato 
PAPcDNA 
Bold letters, primer sequences of PAP-3 and PAP-4 
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T o m a t o NAPQQVHITQ GDHVGKAVIV SWVTMDEPGS STWYWSEKS 
P o t a t o * * * * * * * * * * * * * * * * * * * • *Y* • * * • 
T o m a t o KHKCKASGKV TSYTYYNYTS GYIHHCTIKN LKFDTKYYYK 
P o t a t o Q**KV*K*NT R T * * * F * * * * * * * * * * * * R * * E Y N * * * * * E 
T o m a t o IGIGHISRTF WFTTPPEVGP DVPYTFGLIG DLGQSFDSNK 
P o t a t o V * * * N T T * S * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * R 
T o m a t o TLTHYELNPI KGQAVLFVGD LSYADNYPNH DNVRWDTW 
P o t a t o * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
Figure 5.4: Alignment between the deduced amino acid sequences of TPAP-500 
and sweet potato PAP 
Underlined, the conserved metal-ligating residues. 
5.1.3 Further investigation of PAP homologous sequences in monocotyledons 
Southern analyses were carried out to survey the occurrence of PAP 
homologous sequence in monocotyledons (Figure 5.5 and 5.6). Appropriate amount 
of genomic DNA from rice, com and wheat was subjected to EcoRl digestion and 
Southern analyses under moderate and low stringency conditions using DIG-labeled 
TPAP-500 as a probe. Results showed that no homologous sequence was detected 
even in the low stringency conditions. Thus, PAP appears not to occur in 
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Figure 5.5: PAP homologous sequences in monocotyledons by Southern analysis 
with moderate stringency conditions 
Lanes from left to right, DIG-labeled DNA marker, DNA from tomato, rice, com and 
wheat. Fifteen i^g of genomic DNA was subjected to EcoRI digestion and Southern 
blot analysis with DIG labeled probe TPAP-500. Hybridization was performed at 42 
°C for 16 hr. The membrane was washed twice in Low Stringency Buffer (2 x SSC, 
0.1% SDS) at room temperature for 15 min followed by two washes in High 
Stringency Buffer (0.5 x SSC, 0.1% SDS) at 6 8 � C for 15 min each. 
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Figure 5.6: PAP homologous sequences in monocotyledons by Southern analysis 
with low stringency conditions 
Lanes from left to right, DIG-labeled DNA marker, DNA from tomato, rice, com and 
wheat. Fifteen [xg of genomic DNA was subjected to EcoRI digestion and Southern 
analysis with DIG labeled probe TPAP-500. Hybridization was performed at 3 9 � C 
for 16 hr. The membrane was washed twice in Low Stringency Buffer (2 x SSC, 
0.1% SDS) at room temperature for 15 min followed by two washes in Low 
Stringency Buffer (2 x SSC, 0.1% SDS) at 6 5 � C for 15 min each. 
5.2 Determination of multi-gene family and gene copy number of tomato PAP 
gene (TPAPJ) 
In order to study the regulatory mechanism of PAP, tomato was chosen as a 
model plant and its PAP gene, 7PAP 1, was cloned. The copy number of TPAP 1 and 
its multi-gene family natures were studied. 
5.2.1 Determination of TPAP 1 copy number 
Since preliminary PCR with primers PAP-3 and PAP-4 failed to amplify the 
corresponding PAP fragment in tomato genome (PAP-3 was later found to be at the 
split site of an intron), another sense primer, PAP-11 (5 ' -ATAACACAAGGAGATC 
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ATGTGGG- 3，)，was designed. PGR with PAP-11 and PAP-4 yield an approximate 
1000-bp fragment (TPAP-1000). It contains two introns and three exons of the TPAP 
1 gene. Restriction-site search was done with DNA Analysis 3.1 program for both 
TPAP-1000 and TPAP-500 sequences. EcoRI, Xbal and Hindlll, which do not exist 
in both sequences, were chosen for genomic DNA digestion. 
EcoRl, Xbal, or Hindlll digestion was carried out separately overnight with 
10 |Lig genomic DNA. DNA fragments were then separated on 0.8 % agarose gel 
along with the copy number standards of 1-copy, 2-copy, 5-copy and 10-copy 
equivalents. DIG-labeled TPAP-500 probe was used to hybridize with the genomic 
DNA fragments under high stringency conditions as described in 4.2.2.2. The results 
(Figure 5.7) showed one � 1 5 kb band in EcoRI digestion; one � 3 kb band in Xbal 
digestion and one � 1 8 kb band in Hindlll digestion. On the basis of hybridization 
signals, the tomato genome appears to contain a single copy of the TPAP 1 gene. 
5.2.2 Determination of tomato PAP multi-gene family 
Southern hybridization was performed with low stringency conditions. 
Ten i^ g of tomato genomic DNA was digested respectively by EcoRI, Xbal and 
Hindlll. The DNA fragments were probed with DIG-labeled TPAP-500 fragment 
under low-stringency conditions as described in 3.2.2.4. The results (Figure 5.8) 
showed two extra bands 2.5 kb and ~ 3.8kb) in EcoRI digestion, an � 6 kb extra 
band in Xbal digestion and an ~ 5 kb extra band in Hindlll digestion,, suggesting that 
the tomato TPAP 1 exists as a simple gene family. 
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Figure 5.7: Determination of tomato PAP copy number by Southern 
hybridization under high stringency conditions 
Lanes from left to right: DIG-labeled DNA marker; genomic DNA after EcoRI 
digestion; Xbal digestion; Hindlll digestion; one copy equivalent; two-copy 
equivalents; five-copy equivalents; ten-copy equivalents; negative control (pGEM-T 
vector). The positive DNA fragments were as indicated by the arrows. 
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Figure 5.8: Determination of tomato PAP multi-gene family by Southern 
hybridization using low stringency conditions 
Lanes from left to right: DIG-labeled DNA marker; genomic DNA after EcoRI 
digestion; Xbal digestion; Hindlll digestion; negative control (pGEM-T vector). 
Arrows indicated the extra bands compared to the Southern hybridization using high 
stringency conditions (Figure 5.7). 
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5.3 Effect of environmental phosphorus on the morphology of tomato seedling 
and APase induction 
5.3.1 Morphological changes of tomato seedlings under phosphorus starvation 
An MS liquid medium culture system was setup. Tomato was allowed to 
germinate and grow at different phosphate concentrations including 0 mM, 0.2 mM, 
1.25 mM, and 5 mM. 
5.3.1.1 Germination rate 
Four hundred and eighty seeds were allowed to germinate and grow for 15 day 
in the four phosphate concentrations (120 seeds in each concentration). As shown in 
Table 5.1 and Figure 5.9, the lower the phosphorus concentration in the medium, the 
lower the germination rate it is. After 15 days, the percentages of germination at 
phosphate concentrations of 0 mM, 0.2 mM, 1.25 mM, 5 mM were about 67%, 77%, 
82%, and 86% respectively. The environmental phosphorus availability thus 
significantly (P< 0.05) affects the germination of tomato seeds. 
Table 5.1 Tomato seed germination rate at different phosphate concentrations 
120 seeds in each concentration were observed for their germination rate. The 
numbers of seedlings in each concentration were counted everyday and showed 
below. 
“ D a y I 1 I 2 I 3 I 4 I 5 I 6 I 7 I 8 I 9 I 10 I 11 I 12 I 13 I 14 I 15 
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Figure 5.9: Tomato germination rate at different phosphate concentrations 
The graph was drawn according to the data showed in Table 5.1 
5.3.1.2 Growth rate and root/shoot ratio 
Figure 5.10 showed the effects of different phosphate concentrations on the 
morphology and growth rate of tomato seedlings. All of the seedlings were 
germinated in the same day and had grown for 15 days. Figure 5.11 shows the 
differences between the seedlings growing on MS solid medium. These results 
demonstrated the more the available phosphorus the faster the plants grow. 
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On the other hand, 50 seedlings were taken from each concentration in the 
liquid medium for measurement of root- and shoot-length and calculation of 
root/shoot ratio. The data in Figure 5.12 and Figure 5.13 indicated: the growth rate of 
the shoot is proportional to the environmental phosphorus concentration. By contrast, 
the root appears to even grow more under deficient phosphorus concentration for 
better adsorption of phosphorus. 
• 
Figure 5.10: Effects of environmental phosphorus availability on the growth 
rate of tomato seedlings in MS liquid medium 
From left to right: 15-day-old tomato seedlings growing at phosphate concentration 
of 0 mM, 0.2 mM, 1.25 mM or 5 mM. All the seedlings were germinated on the 
same day. 
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Figure 5.11: Effects of environmental phosphorus availability on the growth 
rate of tomato seedlings in MS solid medium 
Fifteen-day-old tomato seedlings growing on MS solid media with phosphate 
concentration of OmM (A), 0.2 mM (B), 1.25 mM (C ) � or 5 mM (D). 
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Figure 5.12: Effects of environmental phosphorus availability on the length of 
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Figure 5.13: Effects of environmental phosphorus availability on the root/shoot 
ratio of 15-day-old tomato seedlings 
5.3.1.3 Morphological changes of tomato under phosphorus starvation 
Under phosphorus starvation, the morphology of the tomato seedlings shows 
obvious changes. These changes include (i) the purple color on the leaves and stems 
(Figure 5.14A，B); (ii) increased growth of hairs on stems (Figure 5.14B); and (iii) 
decreased root branching (Figure 5.14C). Another interesting phenomenon is the 
appearance of purple root under severe phosphorus starvation. (Figure 5.14D). Some 
branches, especially at the tips of the root from seedlings growing at 0 mM 
phosphate concentration displayed a purple color on it. Under microscope, we could 




Figure 5.14: Morphology of tomato seedlings under phosphorus starvation 
A: The leaves of tomato seedlings growing at phosphate concentrations at 0 mM (left) 
and 1.25 mM (right); 
B: The stems of tomato seedlings growing at phosphate concentrations at 0 mM (left) 
and 1.25 mM (right); 
C: The roots of tomato seedlings growing at phosphate concentrations at 0 mM (left) 
and 1.25 mM (right); 
D: The purple roots under severe phosphorus starvation (left) as pointed out by 
arrows and the one of the branch under microscope (right). 
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5.3.2 Acid phosphatase assays 
5.3.2.1 Extracellular acid phosphatase assay 
To study the induction of APase in tomato under phosphorus starvation, 
seedlings were grown in liquid MS medium with different phosphate concentrations. 
Three hundred |li1 of medium from each concentration was subjected to APase assay. 
The experiment was repeated for six times. Increasing APase activity was observed 
in response to decrease in phosphate supply (Figure 5.15). That the APase activity in 
0 mM sample is 8 times over the 5 mM sample implies a large amount of APase(s) 
was secreted into the medium under severe phosphorus starvation. 
5.3.2.2 Intracellular acid phosphatase assay 
Intracellular APase assay was performed with leaf and root tissues from 
15-day-old seedlings growing at different phosphate concentrations. APase assay 
was performed with 200 \jig protein extracted from each sample. Results indicated 
that the APase activities in both the root and leaf increase under phosphorus 
starvation (Figure 5.16). However the levels of increase were much smaller than 
those in the medium. 
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Figure 5.15: Extracellular acid phosphatase of tomato seedlings growing at 
different phosphate concentrations 
2 1.830 
1.8 
1.4 ^ h m ^ 
^ 1.2 — ^ ^ H LOp 0.994 •root 
3 1 — ^ ^ H ^ H k ^ 0.876 T •leaf 
0.8 ~ ^ ^ ^ H H 
0.6 ^ ^ ^ 
0.4 ^ ^ 
02 ~ ^ ^ 
0 ~ ^ H H I _ , _ ^ _ , _ . 
OmM 02 nM 125rrM 5nM 
Phosphate concentration 
Figure 5.16: Intracellular acid phosphatase of tomato seedling leaf and root 
growing at different phosphate concentrations 
73 
5.4 The phosphorus-regulated expression of tomato PAP — Northern blot 
analysis 
Northern blot was performed with fifteen |ig of total RNA from the roots 
and leaves of 15-day-old tomato seedlings growing at different phosphate 
concentrations (0 mM, 0.2 mM, 1.25 mM and 5mM) (Figure 5.18A). The RNA was 
hybridized with DIG-labeled TPAP-500 anti-sense probe. The results showed a 
dramatic increase of TPAP 1 expression in the roots under phosphate starvation. 
However, the expression of TPAP 1 in leaves is maintained at a low level regardless 
of the variation of environmental phosphate (Figure 5.18B). 
Both the semi-quantitative PCR and northern analyses revealed that the 
regulation of TPAP 1 is at the transcriptional level. Dramatic increase of mRNA was 
observed in root under phosphorus starvation, but the change was not obvious in leaf. 
It thus seems that there are different regulation mechanisms of TPAP 1 between leaf 
and root. 
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Figure 5.17: Northern blot analysis of TPAP1 mRNA level in roots and leaves of 
seedlings growing at different phosphate concentrations 
Fifteen i^g of total RNA from each sample was separated on formaldehyde gel (A) 
and hybridized with DIG labeled anti-sense TPAP-500 probe (B). Lanes 1-4, RNA 
from roots; lanes 5-8, RNA from leaves. Phosphate concentrations in the media on 
which tomato seedling grew were as indicated beneath the photos. 
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5.5 Genomic library construction and PAP promoter isolation 
Genomic DNA with high molecular weight (> 20 Kb) and purity 
(A26O/A28O>1.75) was obtained (Figure 5.19A). Three hundred |Lig DNA was partially 
digested by Sau3A I to obtain a major fragment population in the range of 9-20 kb 
(Figure 5.19B). A genomic library was constructed using Lambda pGEM-11 vector 
(Promega) with a primary titer at 7 x 10^ pfu. Aliquots of the primary library 
containing ~5 x pfu of phages were amplified individually and marked as 
sub-libraries. Fourteen sub-libraries were obtained and stored at - 7 0 � C . 
PCR was performed with PAP specific primers, PAP-11 and PAP-9, to 
determine the presence of PAP clones in sub-libraries (Fig. 5.20). Results indicated 
that PAP clones were present in sub-libraries C, E, F, G, H and J. 
Long distance PCR was carried out with the vector specific primers 
(T7-Pro-III and SP6-Pro-III) and the gene specific primer (PAP-12) (Figure 5.21 and 
Figure 5.22). The recovered PCR products were purified and subjected to sequencing 
with PAP-12. Six positive PCR clones were obtained. They were of the size of 6.6 kb 
(PI), 6.3 kb (P2), 3.6 kb (P3), 1.7 kb (P4), 1.5 kb (P5) and 1.3 kb (P6). 
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Figure 5.18: Tomato genomic DNA and partial digestion 
A: Agarose gel electrophoresis of tomato genomic DNA. Lanel, Lambda/Hindlll 
DNA marker; Lanes 2-5 tomato genomic DNA 
B: Partially digested tomato genomic DNA. Lanesl&8，Lambda/Hindlll DNA 
marker; Lanes 2-7, genomic DNA was partial digested for 0，，5，，10，，15，20，25' 
• • 
M M A B C D E F G M M + - MM H I K L M N O + . 
Figure 5.19: Identification of PAP clones in genomic sub-libraries by PGR with 
PAP specific primers, PAP-11 and PAP-9 
Letters below the lanes: names of the sub-libraries. + �pos i t ive control; -�negat ive 
control; MM, lOObp molecular marker. PGR products were separated by gel 




c E F G H J 1 Kb plus 
DNA marker 
Figure 5.20: Cloning of PAP promoter in genomic sub-libraries with 
long-distance PCR. 
PCR products were analyzed by agarose gel electrophoresis. Primers used: 
T7-Pro-III and PAP-12. Letters below the lanes: names of genomic sub-libraries 
containing PAP clones. 
• • 
c E F G H J 
Figure 5.21: Cloning of PAP promoter in genomic sub-libraries with 
long-distance PCR. 
PCR products were analyzed by agarose gel electrophoresis. Primers used: 
T7-Pro-III and PAP-12. Letters below the lanes: names of genomic sub-libraries 
containing PAP clones. 
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5.6 PAP promoter sequence 
Clone P3 was subjected to sequencing and compared with the sequences of 
TPAP-500 and TPAP-1000. Results showed that it contains the upstream region of 
the TPAP 1 gene while TPAP-1000 spans the middle part. 
Figure 4.21 showed the combined sequence of P3 and TPAP-1000. It 
includes 2.7 kb promoter region, 4 exons and 3 introns of the TPAP 1 gene. The 
locations of the introns are the same as those in Anchusa officinalis’ once again to 
demonstrate the highly conserved PAP genes. The first translation codon and TATA 
box are located by comparison to the PAP genes of Anchusa officinalis and 
Arabidopsis. It is noted that, when compared to other genes, the untranslation regions 
of PAP in these three species are all relatively short (about 20-bp in length); it may 
have some structural significance in the expression efficiency of PAP. 
Although low conservation was observed between PAP promoters between 
tomato and other species, some similar sequence characteristics are found in TPAP 1 
promoter. They include the high AT-rich content (76 %) and the C A C A A C motif. 
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- 2 7 6 9 TCTAATGATAGTAAGATGGGGCACATTGACTTGCCATGTACTTCCACCGC 
- 2 7 1 9 TTCTTCTTATATATTATTCTTATAGTAAGTAGTTTGAGATATAATACTTG 
-2669 TTATTTTATAAAATTAATGTATAAATTATATTATTTTTTTAATTTTATTA 
- 2 6 1 9 TTGTGAGCTATTAATCTTAAGATGAATATCTGACAAACATACAACGGGTT 
- 2 5 6 9 GCCCTAATAAATCGATAGTCTAAAGCTAAATTTAAAATTTGAAGATATAT 
- 2 5 1 9 TTTTAATGAAGTTTATTATAGTCAATTATTTAATCTTTCTTGAGACATAG 
- 2 4 6 9 TATTCATAATTTGTGTAAATTTCTTTTACTTTTTTGTTCTTTTAAGAAAA 
- 2 4 1 9 CTTTATATTTTCTACCTTTAATACTTGATATTTTTAATGTTTTTTTGTAT 
- 2 3 6 9 TGCCCGATAAATGACAAAAATTCCATCTTTAAATTCTCTTATTACCATCA 
- 2 3 1 9 TCCCTTATTAGTTTTACAAATTTTCAAAATCCCTCATTTTCATTTTCACG 
- 2 2 6 9 CATTAGACTAATGTACCAGCGTATCAAATTAATGTATCTCGTGCATCAAA 
- 2 2 1 9 TTAATGTATCTGGCAGTGTATCGTATATAAAATTCAATGTATCTTGCGTA 
- 2 1 6 9 ATGATTAATGTATCTCACGCATTAGATTAATATATTATCGCTTTTATTAT 
- 2 1 1 9 TGTATCACTTTGAGAGATTTTTGTAATTATAAACTTATAAAGGTCAAATA 
- 2 0 6 9 GTAATTTTATTTTAAAAGTATGTGATTTCTATCATTTGAAAAAAAAAATG 
- 2 0 1 9 ACCCCTCAAATTTTGGGGCCTAAAGCATTTGATTTTTTTTTTCTAAGTCA 
- 1 9 6 9 ACATAAAACAACTAAATAAATAATTCATATTTATCGACTAAATTAATTAA 
- 1 9 1 9 TTAAAAAAATTAATTTCTATTCATTGATGAAAACCTTGAGTTAAAAAAAA 
- 1 8 6 9 ATTAAATAAAAATAAAATATCAAATTTTGTTTTTTTAATACACCTAAAAT 
- 1 8 1 9 CTAAAGTGGTGCAATATAAATAGGAGACGGAGTAGTATCTTATCACAGCG 
- 1 7 6 9 AATTTCTCGTTAGTCGTGAAGTCAACTTAATTATTATAGCTCTCTCTTTT 
- 1 7 1 9 TTTTTTTCTGGATTTCCCATTGGTCCCAATCCTAATACCGGTTGTCGACT 
- 1 6 6 9 ACTCAATAATAGTTGACGCAACTATTATGAAAAGAAAAAAGATTGGCTAC 
- 1 6 1 9 AAATTGAAAAATACTTTCCACTTTTGCTTTTTAATTATTTTGAAATTACT 
- 1 5 6 9 TTTGAAAAATAGAAATATAATTCAAAAGAAAATCATACTCCCATTGCTCA 
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- 1 5 1 9 TTATTATTTATCGGCATAATATATATATTAAAGCCTTAAACTTCAGTTTA 
- 1 4 6 9 AATCTTAATTTTGACCTTTAACTTTCATATTGCACAAACATGCACTTTAA 
- 1 4 1 9 CTATCCAACTCTTAAATAAATAAACACATGAGTTCTATATGACACAAATA 
- 1 3 6 9 TACGTAGGACACCACGCTGGATAAAACATGACTTGTAGGACATGTGTGTT 
- 1 3 1 9 TATTTGTTCAATTTTATACAAATTTAAGTGTCTATTTGTGCACATCCAAA 
- 1 2 6 9 GTTAACGGACATAAATGTAATTTGAAGCCAAGTTAAATGACACATTTATG 
- 1 2 1 9 TATACCTTATTTATTTCGTTTATAAAATTAATGAACAGTTTATTATTTTA 
- 1 1 6 9 TATTTGTTTTATTCCTAATATTAAATATTATTTATTTCTACAATATTTTG 
-1119 ATAATTTACAATTAATATGGGTAATATCGTAAGTTATCGTTTATTTATTA 
- 1 0 6 9 TTTTTTTATGTACTATATCATATAGATAAATAAAAATAAACGGGGGAGTA 
- 1 0 1 9 ATATGAACAATTAACTCTCTTAAACTTGTCATATAGACAATGTAAATGGA 
- 9 6 9 GAGCAAAAACGAAAAAGAGATGTTCAAACATAAAATAATAATTGTTCACT 
- 9 1 9 ATTAACTTAACACATAAATTAAATAATAATAAATGATAAGAGTAACTTTA 
- 8 6 9 TCAAATCACCCTAATTAAATATAAGTTGTATAAACACTGAAAAATGAATA 
- 8 1 9 ATATTGAGCAACATGATAAATTATTTATTGGTTTACTAGACAAGTATATA 
- 7 6 9 TTATTGTACATTCTACCGTAATATAATTGACTAGTAAAAATAGTTAAAAA 
- 7 1 9 ACTTTAAACTTTCACTTACTTTGAACAATGAAAAATATCTCAAAATCCAA 
- 6 6 9 TTAATATTAAATAGAGAAAATATATTTTAATATTCTTATCAAATTAGTTG 
• - 6 1 9 TTGTGTTTATTTTGTCCAAGAGTTAATTTAACTAATTATTAAAATTAACA 
- 5 6 9 AAATAATATATCAAGCACAACAATTCTAAAACTAAAACTTATATTCTTGA 
- 5 1 9 AAAATTACATAAAAACATAATTTCTGTTGTTCAATTTGTTTTCTAAGATC 
- 4 6 9 TAATTCAATCTTCATAGAATTTTCGAAATATTTCCTTACCAAGTTTTTCA 
- 4 1 9 TAGTAGCTTGTATAATCCTCTAGATTTAAACTGACTTGATATTGAGTTAA 
- 3 6 9 ACAGAATATACAAAGGTTTTGAACTTTATAAAATATATTAAAATATTTTT 
- 3 1 9 TAATTTTATACGTAAAAATAAAAGAGTTAATAAGAAGAATAAAAAATAGT 
- 2 6 9 AAAGAATTAAGAAAAGAATTGCAAAAGACAAACAAATTAAAAATAAGATG 
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- 2 1 9 ATAAACATTATGAAAAGATGTTATCTTTAATATAGGTCATAATTAACCAA 
- 1 6 9 TTAATTCGATGGAAAATATTTAAATTAAATTGTGAGTACTTATCATAGTA 
- 1 1 9 TAAGGTTAGCATATTCCCCGCGATTCTAGACGTATATACAGGGAATACAG 
- 6 9 GTATCTATCGATTCATATATAAAGGAGCTTCAACTCTCGAGTAATGTGAG 
# i y i S V S T M T S F G 
- 1 9 ACTTGAGTTTTCTCAAAAGATGAGTGTGTCAACAATGACTTCTTTTGGGT 
Y C I L V V L G L I L N E S V L C 
3 2 ATTGTATTCTTGTTGTTCTGGGTTTGATTTTGAATGAGTCAGTTTTATGC 
N G G V T S S F V R K V E K T I D 
8 2 AATGGTGGAGTCACCAGTAGTTTTGTTAGAAAAGTTGAGAAAACAATTGA 
M P L D S D V F S V P P G Y N A 
1 3 2 TATGCCTCTAGATAGTGATGTTTTTAGTGTTCCTCCTGGATATAATGCGC 
P Q Q # 
1 8 2 CTCAACAGGTATCTTCAAATTCTCCTTTTTATTGTTTTCTAATTTGTATT 
2 3 2 TTTTTTCATTTAGAGCTTTTAACAAACACTGTTGATGCATCATTGACCTT 
2 82 GCTGTTAGTTGTCGAATTTTTTAATGGATATATTGATGCACTTTTCACCC 
3 3 2 TTTTCTCCGTTTTTGTTTAATGGTACTTTTACTCTGATTTTGTTAATGGG 
3 8 2 TTTTGGGGTTTTAAGAAAAATATACTAAAAGTAGATATTTTTGGGATCCA 
4 3 2 CTGAACTCGTACTACTGTGTGCGTTGTACGGCGGCCGAAGGCATTTTTTA 
4 8 2 TGTTAGATTCTTATGTGGTGCCTTCTTTGTGACTTCTATCAAGCCATTAT 
5 3 2 TGAAGAACCTCTTGTTTTAATATTTGTCAAAATTTTTTTTACTGTCAAAT 
5 82 GAACAACATACCCGTGAAATCATACAAAGTTTTTACTCTTTCTGGATAAA 
6 3 2 AACGTATTCTCATGTCACAAATTTTGTTTATGCTTGTATCATTCATGGAAA 
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# V H 
6 8 2 TATGGTTTATTTGCCAATTGATTCTGTTTGGGATGTCTTTTTAAGGTTCAC 
I T Q G D H V G K A V I V S W V T 
7 3 2 ATAACACAAGGAGATCATGTGGGAAAAGCTGTTATTGTATCATGGGTGAC 
M D E P G S S T V V Y W S E K S 
7 8 2 TATGGATGAACCTGGTTCAAGTACAGTAGTATACTGGAGTGAGAAAAGCA 
K H N C K A S G K V T S Y T Y Y N 
8 3 2 AGCATAAGTGTAAGGCCAGCGGAAAAGTTACTTCCTATACATATTATAAC 
Y T S G Y I H H C N I K N L K # 
8 8 2 TATACTTCTGGTTACATCCACCACTGCAATATCAAAAATTTGAAGGTGAA 
9 3 2 TATTCTTTCTTTCATTCCCTTTTTGGGTTGGATAATTTTGGTTTCTTGAG 
9 8 2 CATTTGTAGACTAATTTAACCCTGCTTAAACTTACAACGGATTTAATACT 
# F D T K Y Y Y K I G I G H I 
1 0 3 2 CCTTTGCAGTTTGATACCAAATACTACTATAAGATTGGGATTGGACATAT 
S R T F W F T T P P E V G P D V 
1 0 8 2 ATCACGAACCTTCTGGTTCACAACTCCTCCAGAAGTCGGCCCTGATGTAC 
P Y T F G L I # 
1 1 3 2 CCTATACATTTGGTCTTATAGGTAACAATTTTTCAACCAAATCATTGCTG 
1 1 8 2 TTGGAACTTCGTGGAGCTTGCTTTGGTTATTTTATGCACTGTTTCTGAAG 
1 2 3 2 TTTCATTGATATTGTGCTTTCTATACCGTACCAAAATAAAGATGGACTGT 
1 2 8 2 ACAATCACGATGATGTGAATATAATTGAGACCCTGAATCTAGGATTGAGA 
13 3 2 GATGGCAAATTTTCTAGTTTGTTGTGTGAAACAGCATTATCTGCATGACG 
13 8 2 CATTAACTTCGTTACATGTACATTATAGATACAGCATGCTTCTCCTTCTG 
1 4 3 2 TGCATATGTTGAACATGGTTCAGTGACAACCTCTTTGCATACTTCCAAAG 
14 8 2 GAAAAGGATAAATGATAGCTAAAAACCATTTATGCTGTTGTTAGCATTTG 
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# G D L G Q 
1 5 3 2 TGCGGCATTTCTCAGCCAACCTGCATTTCATTACAGGGGATCTTGGTCAG 
S F D S N K T L T H Y E L N P I K 
1 5 8 2 AGTTTTGATTCAAACAAGACACTCACACATTATGAATTAAATCCAATTAA 
G Q A V L F V G D L S Y A D N Y 
1 6 3 2 GGGGCAAGCAGTGTTGTTCGTAGGTGACTTATCTTATGCTGATAACTACC 
P N H D N V R W D T W 
1 6 8 2 CTAATCATGACAATGTAAGATGGGATACTTGGGG 
Figure 5.22: DNA sequence of the P3 PAP clone and the deduced amino acid 
sequence 
Underline, start codon; #, start and end ofexon; bold letters, TATA box. 
5.7 Promoter activity assay through transient expression of reporter gene 
5.7.1 Effect of untranslation region of PAP gene 
As mentioned above, the untranslation region of the PAP promoter is quite 
short when compared to other genes. It thus may assert critical effect on the 
expression efficiency of the TPAP 1 gene. To test this hypothesis, two PAP::GUS 
constructs were made (Figure 5.24). As illustrated in Figure 5.25, in PAP-PL, PAP 
promoter was ligated with GUS gene through the BamHI site. It thus resulted in a 
longer untranslation region including the original PAP untranslation region and the 
multi-cloning site sequence of the vector. In PAP-PL/F, the sequence and length of 
the PAP untranslation region are maintained by fusing a 5' end sequence of PAP 
gene to the multi-cloning site and the GUS gene sequence in frame. As a result, a 
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fusion protein would be synthesized after translation. 
Biolistic bombardment was performed using the two constructs. The target 
was the root of tomato seedlings growing at 1.25mM phosphate concentration. The 
results shown in Table 5.2 indicated that the blue dots on the samples bombarded by 
PAP-PL were much less than those by PAP-PL/F, suggesting that the length and 
sequence of the PAP untranslation region is important to the expression efficiency of 
the gene. 
5.7.2 Assay of PAP promoter activities regulated by phosphorus 
To test the phosphorus regulatory property of the cloned PAP promoter, 
PAP-PL/F was used for biolistic bombardment targeting the roots of tomato seedlings 
growing at phosphate concentration of 1.25 mM. After the bombardment, samples 
were divided in half and allowed to grow in MS liquid mediums at phosphate 
concentrations of 0 mM and 5 mM, respectively, for 24 hr before GUS assays. 
Results indicated that the cloned PAP promoter is functional and its activity is 
enhanced at phosphate deficient condition (Table 5.3 and Figure 5.26) 
~ ~ ~ G U S 
Figure 5.23: A diagram of the PAP::GUS construct 
MCS: pBI221 vector multi-cloning site. NOS: Nopaline synthase gene terminator. 
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Figure 5.24: Sequences of the junctions of PAP promoter and GUS coding 
region in constructs PAP-PL (above) and PAP-PL/F (below) 
Underline: BamHI restriction site. Bold letter: the translated amino acid sequence. 
MCS: pBI221 multi-cloning site. GUS: coding sequence of p-glucuronidase. ATG: 
start codon. 
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Table 5.2 Effect of PAP untanslation region on the expression efficiency of 
reporter gene 
Two constructs, PAP-PL and PAP-PL/F were used to bombard the roots of tomato 
seedlings growing at 1.25 mM phosphate concentration. Two bombardments were 
done and GUS staining was performed 24 hr after the bombardment. The bold 
numbers showed the blue dots on the sample after GUS assay. 
- Bombardment PAP-PL (# blue dots) PAP-PL/F (# blue dots) 
！ 1 31 
2 1 I 28 — 
Table 5.3: Assay of PAP promoter activity under different phosphorus 
concentrations 
Bombardments were performed using the construct, PAP-PL/F. After the 
bombardment, samples were divided in half and allowed to grow in MS liquid 
mediums at phosphate concentrations of 0 mM and 5 mM, respectively, for 24 hr 
before GUS assays. The table shows the blue dots in each sample and the total blue 
dots in each Pi concentration. 
Pi Blue dots in each bombardment sample Total 
conc. 
11| 4 I 2 I 2 I 5 I 2 126 I 28 I 56 112 I 11 125 113 123 I l 7 T 3 5 T 2 r " j ^ 
5 mM I 0 I 1 1 1 1 I 2 I 7 I 5 110 110 116 130 115 126 112 1171 8 I 159 — 
HI 
^H imm 
Figure 5.25: Promoter activity assay by transient expression of reporter gene 
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Chapter 6: Discussion 
6.1 The wide occurrence and high conservation of plant PAP 
Purple acid phosphatase (PAP) was first found in mammalian spleen, uterine 
fluid and later in human tissues in the early 1970s. Its tartrate resistance, metal 
cofactors, and unique purple color made it distinguished from other acid 
phosphatases. Meanwhile, the enhanced production of this enzyme associated with 
certain diseases soon spurred interests in the medical and biological communities 
(John et al., 1990). However, despite extensive knowledge about the enzymatic 
properties of animal PAP, the physiological function continues to be obscure. 
Similar situations happened on plant PAP. In higher plants, PAP was first 
found in kidney bean in 1975. Soon after, it was also isolated from soybean, sweet 
potato，duckweed, and even rice with traditional enzymatic methods. Before the 
applications of molecular approach, studies were mainly focused on its enzyme 
properties and catalytic mechanism. Due to the lacking of knowledge about its 
intracellular specific substrates and locations, the function of plant PAP remains an 
enigma. 
From the late 1980s, the availability of DNA and protein sequences of plant 
PAPs in GenBank revealed their high sequence homology and conservation. On the 
other hand, the conservation of the cofactor binding amino acid residues between the 
PAPs from plant, animal and bacteria further implies an early appearance of this 
enzyme during evolution. Thus, we assumed that PAP might occur widely in higher 
plants. And the common occurrence may also give clues to its role in the phosphorus 
metabolism pathways. 
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Until now, all the available PAP cDNA sequences in GenBank are from 
dicotyledons. In this study, primers were thus designed according to the highly 
homologous regions of the plant PAPs, and RT-PCR was applied to fast detect the 
presence of PAP transcripts in higher plants. In the present experiments, samples 
were chosen randomly from different families of dicotyledoneae and 
monocotyledoneae. The results indicated that PAP occurs commonly in dicotyledons 
with high sequence conservation. Not only the cDNA and amino acid sequences, but 
also the locations of the introns of TPAP 1 gene cloned in this study show a high 
homology to the known PAP genes. The common occurrence and high conservation 
of this enzyme imply that PAP may be a housekeeping gene and plays an important 
role in the phosphorus metabolism of higher plants. 
However, the occurrence of PAP in monocotyledons could not be detected 
by the RT-PCR and Southern hybridization method. But Igaue (1976) reported 
earlier the isolation of purple acid phosphatase from rice. It is possible that this 
enzyme may also occur in monocotyledons, but their sequences may share less 
homology with those of the dicotyledons. 
6.2 Tomato as a model plant and the organization of PAP gene in genome 
There are several reasons to choose tomato {Lycopersicon esculentum) as a 
model plant to study the regulation mechanism of phosphorus: 1) Tomato is a 
relatively simple diploid with minimal DNA duplication; 2) The tomato twelve 
chromosomes are highly differentiated and have been well mapped; 3) Tomato is 
capable to grow under a wide range of environmental conditions; 4) Among the 
vegetable crops, the DNA transformation methods for tomato is well developed; and 
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5) Tomato is one of the most important economic crops in the world. All these 
advantages contribute to its selection as a model plant. Revealing its phosphorus 
regulatory mechanism will benefit its plantation and production. 
Results from Southern hybridization show the tomato TPAP 1 gene belongs 
to a simple gene family，in comparison to the complex gene family of Anchusa 
officinalis. The simple organization of PAP in tomato genome will simplify the study 
on its expression profile and regulation mechanism. 
6.3 Morphological changes of tomato under phosphorus starvation and the 
induction of APase 
Significant changes in the morphology under phosphorus starvation were 
observed. Among these changes, the increase in root/shoot ratio and hair density and 
length and decrease in root branching represent adaptations to enhance the uptake 
and recycling of phosphorus. The decrease of growth rate is a symptom of 
phosphorus deficiency leading to metabolism slowing down. 
As to the germination rate, previous studies were mostly focused on the 
effects of light, temperature, water supply and hormones. Little work has been done 
on mineral nutrients. Recent study on Egyptian cotton found that increased 
phosphorus fertilization would increase its germination rate and percentage. This was 
among the few studies concerning phosphorus. Our study indicated that the 
environmental phosphorus availability has a significant effect on the germination rate 
of tomato seeds, suggesting that germination needs not only phosphorus reserves in 
the seed, but also phosphorus from the soil. 
The distinct purple color appearing on tomato seedlings under severe 
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phosphorus starvation is interesting. Under microscope, purple spots could be seem 
dispersing on the surface of the root and in the transport system while the purple 
color of leaves are mainly present at the base of the leaf hair. Since secreted PAPs 
had been isolated from plant cell culture of kidney bean, soybean, rice, and Anchusa 
officinalis, it is possible that the purple patches we observed in the phosphorus 
starved tomato are secreted PAP in nature. However, this requires further study. 
APase activity has been used as a biochemical marker of phosphorus 
starvation in plants. Goldstein (1988) conducted a thorough study about the excretion 
of APase by tomato plants and suspension-cultured cells under phosphorus starvation. 
After the removal of phosphorus in the medium, the excreted APase by the starved 
cells increased by as much as six times at the peak while intracellular APase activity 
remained the same. A time-based experiment had been carried out for tomato plants. 
After transferring the plant to a phosphorus free medium, the excreted APase was 
found to increase and became 5.5 times higher at the 17th day. Meanwhile the 
increases in APase activity in leaves and roots were 0.8 and 2.6 times, respectively. 
In this study, the seeds were germinated and the plants were grown at a gradient of 
phosphate concentrations. After 15-day growth, both the activities of excreted APase 
and intracellular APase increased under phosphorus deficient conditions. The 
increase paralleled the decrease in supplemented phosphorus. Similar to Goldstein's 
results, the amount of increase in excreted APase was much greater than that of the 
endogenous APase in the tissues. From these results, we could deduce that: 1) In 
response to long-term phosphorus starvation, secretion of acid phosphatase is a major 
approach the plant adapt to enhance uptake and scavenging of environmental 
phosphorus and 2) The regulation of intracellular APase and secreted APase is 
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through different routes which may involve different regulatory elements and factors. 
In another experiment of Goldstein (1988), the medium of tomato 
suspension cell culture was subjected to protein fractionation. It was found that most 
of the induced APases were in the lower molecular weight fraction. Polyacrylamide 
gel electrophoresis analysis of this fraction identified an acid phosphatase with a 
molecular weigh of 57 kDa. Considering the molecular weigh of plant PAP is around 
55 kDa, it is possible that this is the plant PAP. 
6.4 Regulation of PAP in tomato 
A gene can be regulated at any of the control points in the pathway from 
DNA to RNA to protein. These controls include transcriptional, post-transcriptional, 
translational and post-translational. On the other hand, different members of a gene 
family may be under different regulation mechanisms regardless their homology in 
sequence. Thus, as the first step to reveal the phosphorus regulation mechanism, it is 
necessary to study the expression pattern of TPAP 1 gene. 
Results from northern blot analysis indicated that the expression of TPAP 1 
in root, but not in leaf, is regulated by environmental phosphorus. Since there are 
only a few (2-3) members in the PAP gene family in tomato genome, it would be 
interesting to identify the tissue specificity or the regulatory elements of these 
members and to isolate and study the promoter activity of TPAP 7 is a first step in 
this direction. 
6.5 Isolation of PAP promoter 
A number of methods have been developed for promoter isolation or for 
cloning the flanking regions of a known sequence. Among them, genomic library 
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screening is a classic method based on the principle of DNA hybridization. However, 
its heavy workload, time consuming and handling of radioactive isotope lead to the 
application of PCR technique. One of the successful examples is the Genome Walker 
Kit from Clontech Company. For its protocol, genomic DNA was fully digested by 
some restriction enzymes and linkers were added to both ends of the DNA fragments. 
The linker- and gene-specific primers are used for PCR to amplify the target 
sequence. Although the kit is reliable, there are still some disadvantages including its 
cost and short sequence that can be amplified 1 kb). Meanwhile, other PCR based 
methods have been developed, but the high background in PCR is a main problem 
needed to be solved. 
The method we used represents a combined application of the genomic 
library and PCR techniques. In this method, the primary tomato genomic library was 
divided into sub-libraries and the presence of the PAP clones was identified by PCR. 
Long distance PCR was then performed on these genomic clones to amplify the 
promoter region between the gene specific and vector primers. This method was 
proven to be effective, as 30% of the PCR products were positive and clones 
containing long inserts (up to 6 Kb) were obtained in one round of PCR. In addition, 
the aliquoted sub-libraries can be stored for a long time and used repeatedly. 
6.6 Assay of PAP promoter activity 
Biolistic bombardment and transient expression of reporter gene is a quick 
method to assay promoter activity. In this study, we were able to use this method to 
obtain some preliminary results showing that the TPAP 1 promoter is active and 
appears to be regulated by the phosphorus (concentration) status of the plant. The 
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length of the un-translation region also appears to have an effect on the expression 
efficiency of the reporter gene. 
However, further confirmation and improvement are required to assay the 
functional activity of the TPAP promoter. First, as a bombardment target, tomato 
roots are too slim to receive effectively the gold particles. Using bigger roots from 
plants, such as soybean, may increase the bombardment efficiency and yield more 
constant results. Second, it is desirable to further optimize the bombardment 
conditions and to increase the bombardment frequency. In further studies, promoter 
deletion experiments and stable tansformation are needed to fully reveal the 
regulatory nature and the regulation sequence elements of the TPAP 1 promoter. 
6.7 Future perspectives 
In the current studies, we have chosen tomato as a model plant to study the 
adaptive responses of higher plants under phosphorus starvation. Significant changes 
and interesting phenomena in morphology were observed in tomato seedlings under 
phosphorus stress. Meanwhile, PAP was selected as a model enzyme to study the 
phosphorus regulatory mechanism. The expression pattern of PAP and the 
preliminary analyses of its promoter in response to phosphorus availability provided 
some clues to the phosphorus regulation mechanism and its possible physiological 
role(s) in higher plants. 
In the future, studies should be extended to a detailed analysis of the PAP 
promoter using transgenic plants so that its regulatory specificity and sequence 
elements and transacting factor(s) can be elucidated. Studies may also focus on the 
physiological role of PAP in higher plants. 
94 
Chapter 7: Conclusion 
Purple acid phosphatase (PAP) and tomato were chosen as model gene and 
model plant, respectively, to study the phosphorus regulation mechanism in higher 
plants, and the following conclusion can be drawn: 
1. PAP commonly occurs in dicotyledonous plants with high conservation in 
both their DNA and amino acid sequences. However, its occurrence in 
monocotyledons could not be confirmed both by RT-PCR and Southern 
hybridization, even at low stringent conditions; 
2. Tomato PAP gene belongs to a simple gene family with a low copy number. 
Expression of tomato PAP is regulated by environmental phosphorus in root, 
but not in leaf; 
3. As a model plant, obvious morphological changes in tomato were observed 
under phosphorus stress. These include the appearance of purple color on the 
leaves and stems, increased growth of hairs on stems and leave, decreased 
root branching, and decrease in germination rate and growth rate; 
4. Increasing intracellular and extracellular activities of APase were observed in 
tomato under phosphorus starvation. The levels of increase extracellular 
APase activity were much greater than that of the intracellular activity; 
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5. Tomato genomic library was constructed and the PAP promoter was isolated 
by a PCR based genome-walking method. Some phosphorus-regulation 
related sequence elements were revealed in the analysis; 
6. The activity of the isolated PAP promoter was tested by transient expression 
of GUS gene through biolistic bombardment. The promoter is active and its 
activity may be regulated by phosphorus concentration. The untranslation 
region appears important in its translation efficiency. 
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